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Summary 
 
Photoreceptor cell death is a leading cause of blindness in human patients and no 
treatment options are available to date. To develop therapeutic approaches, it is 
mandatory to understand the molecular mechanisms, which are initiated in response 
to retinal injury either to protect cells or to initiate and execute photoreceptor 
apoptosis.  
Activation of the Janus Kinase/Signal Transducer and Activator of Transcription 
(JAK/STAT) signaling is common to many retinal degenerative diseases. The 
cytokine Leukemia inhibitory factor (LIF) was shown to induce a survival pathway 
during photoreceptor degeneration that implies JAK/STAT signaling. This pathway is 
suppressed and degeneration is accelerated in retinas lacking LIF. 
In this thesis I show that expression of Janus kinase 3 (Jak3), but not of the other 
members of the Janus kinase family, is induced in four mouse models for retinal 
degeneration. Furthermore, Jak3 induction correlates with the induction of Lif in 
stressed retinas even in the absence of photoreceptor degeneration. I also show that 
LIF is essential and sufficient to induce Jak3 but that JAK3 is not needed for the 
neuroprotective LIF signaling. We suggest that LIF induces an additional, yet 
unknown, retinal stress response, which involves JAK3. 
Hypoxic preconditioning protects murine photoreceptors from degeneration in the 
model of light induced retinal degeneration. It is characterized by the activation of 
hypoxia inducible factors (HIFs), which control the expression of a variety of target 
genes including genes encoding anti-apoptotic factors. Erythropoietin (EPO) is a 
hypoxia-inducible gene that was shown to be protective against light induced retinal 
degeneration. With the activation of HIFs in normoxia (by knocking down von Hippel 
Lindau (VHL) protein) we aimed to test their capacity to protect photoreceptors 
against degeneration. 
In the second part of my thesis I show that normoxic stabilization of HIFs in rod-
photoreceptors transiently protects against light induced degeneration. However this 
stabilization was not enough to rescue photoreceptors from final death. This might be 
partly attributed to the missing induction of Epo expression in the retinas of those 
mice. Furthermore, activation of HIF-target genes in other cell layers of the retina 
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may be additionally important for the neuroprotection achieved by hypoxic 
preconditioning. Moreover I show that the long-term hypoxia like response in rod 
photoreceptors leads to cell death in aged mice. 
In the third part of my thesis I show that the sustained activation of HIFs in most cells 
of the peripheral retina leads to disturbances in the retinal vasculature and to severe 
retinal degeneration in the periphery and moderate loss of photoreceptor nuclei also in 
the central retina. The degeneration activated the LIF-controlled endogenous survival 
pathway, expression of genes connected to the extracellular matrix and expression of 
caspase 1 and 8. This Vhl knockdown mouse may provide a good model to study the 
connection between proper vasculature development and the integrity and function of 
the retina. The targeted inactivation of VHL can also be used to study pathological 
mechanisms of the VHL disease that is accompanied by hemangioblastomas in the 
retina. 
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Zusammenfassung 
 
Photorezeptorzelltod ist eine der Hauptursachen für Blindheit beim Menschen und bis 
heute sind noch keine Behandlungsmöglichkeiten verfügbar. Um therapeutische 
Mittel für diese Krankheit zu entwickeln, ist das Verständnis der durch eine 
Verletzung der Netzhaut ausgelösten Mechanismen, die entweder die Zellen vor dem 
Tod schützen oder den Zelltod einleiten und ausführen, zwingend erforderlich. 
Bei vielen Netzhautdegenerationskrankheiten wird der „Janus kinase/Signal 
Transducer and Activator of Transcription“ (JAK/STAT) Signalweg ausgelöst. Es 
wurde gezeigt, dass das Zytokin „Leukemia inhibitory factor“ (LIF) bei 
Photorezeptordegeneration einen Signalweg auslösen kann, der JAK/STAT Signale 
beinhaltet. In Mäusen, die kein LIF haben, wird dieser Signalweg unterbunden und 
die Netzhautdegeneration beschleunigt. 
In dieser Doktorarbeit zeige ich, dass nur die Expression von Janus kinase 3 (Jak3) in 
vier Mausmodellen für Netzhautdegeneration induziert wird, und die Expression der 
anderen Janus Kinase Familienmitglieder gegenüber einer gesunden Kontrolle gleich 
bleibt. Darüberhinaus korreliert die Jak3 Induktion mit der Induktion von Lif in 
gestressten Netzhäuten unabhängig davon, ob Photorezeptoren absterben oder nicht. 
Weiterhin zeige ich, dass LIF zwar essentiell und ausreichend ist für die Induktion 
von Jak3, JAK3 aber nicht für den neuroprotektiven LIF-Signalweg gebraucht wird. 
Wir schlagen deshalb vor, dass LIF einen weiteren, noch unbekannten Signalweg 
auslösen kann, der JAK3 einschliesst. 
Hypoxische Präkonditionierung schützt Mausphotorezeptoren vor dem Absterben im 
Modell der lichtinduzierten Netzhautdegeneration. Dabei werden 
Transkriptionsfaktoren, so genannte „hypoxia inducible factors“ (HIFs), aktiviert, 
welche die Expression einer Vielzahl von Zielgenen einschliesslich antiapoptotischen 
Genen kontrollieren. Erythropoietin (EPO) ist ein durch Hypoxie induzierbares Gen, 
von dem gezeigt wurde, dass es gegen lichtinduzierte Degeneration schützt. 
Im zweiten Teil meiner Doktorarbeit zeige ich, dass die normoxische Stabilisierung 
von HIFs in Stäbchen vorübergehend vor lichtinduzieter Degeneration schützt. Diese 
Stabilisierung reichte jedoch letztlich nicht aus, um die Sehzellen vor dem Tod zu 
bewahren. Dies könnte teilweise durch die ausbleibende Epo Hochregulierung in den 
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Netzhäuten dieser Mäuse erklärbar sein. Zusätzlich könnte die Aktivierung von 
Zielgenen in anderen Zellschichten der Netzhaut ebenfalls wichtig sein für eine 
Neuroprotektion wie sie bei hypoxischer Präkonditionierung vorkommt. Ausserdem 
zeige ich, dass der langanhaltende hypoxie-ähnliche Zustand zu Zelltod in Netzhäuten 
von älteren Mäusen führt. 
Im dritten Teil meiner Dissertation zeige ich, dass die anhaltende Aktivierung einer 
hypoxie-ählichen Antwort in den meisten Zellen der peripheren Netzhaut zu 
Beeinträchtigungen in den Blutgefässen der Netzhaut, zu schwerwiegender 
Netzhautdegeneration in der Peripherie und zu leichtem Absterben von Sehzellen in 
der zentralen Netzhaut führt. Die Degeneration aktivierte den LIF-gesteuerten 
endogenen Überlebenssignalweg, sowie die Expression von Genen die für Proteine 
der extrazellulären Matrix und für Caspase 1 und Caspase 8 kodieren. Die Vhl 
Knockdown-Maus könnte als Modell dienen, um den Zusammenhang zwischen einer 
korrekten Blutgefässentwicklung und dem Aufbau und Funktion der Netzhaut zu 
untersuchen. Die gezielte Ausschaltung von VHL könnte auch zur Aufklärung von 
pathologischen Mechanismen der VHL Krankheit, die von Hämangioblastomen in der 
Netzhaut begleitet wird, dienen. 
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1. Introduction 
 
It doesn’t need much of an explanation for how much eyesight is needed to lead a 
normal life. Vision depends on many things from an intact eye structure to functional 
protein machinery. The importance of vision only really appears when it is impaired 
or lost. Various eye diseases – environmental or hereditary - exist that impair vision 
or lead to blindness. To understand the processes that lead to such diseases is a major 
goal and a prerequisite to develop successful therapeutic strategies. 
 
1.1. The visual system 
 
1.1.1. The eye 
 
The eye is a central nervous system organ that detects light stimuli and translates them 
into electrical signals that are computed by the brain. The vertebrate eyeball consists 
of three layers: the sclera, the choroid and the retina (Fig.1). Light can enter the eye 
through the pupil, which is build by a hole in the iris. The lens, which consists of 
avascular tissue, is able to accommodate so that the light from the object one wants to 
see hits directly on the fovea. The fovea is the place of sharp central vision in the 
retina (see 1.1.2.). It represents the most central part of the macula, which is found in 
higher primates. Zonular fibres of the ciliary muscle accomplish accommodation of 
the lens. To view objects that are far away, the ciliary muscle relaxes so that the lens 
takes up a flat shape. To view very close objects, the ciliary muscle contracts and the 
lens becomes more concave (Fig.2). The anterior chamber, filled with aqueous 
humour, covers lens and iris and supplies lens, iris and corneal epithelium with 
essential nutrients. Additionally, it serves to dampen immune responses to allergic 
grafts. The cornea constitutes a protective layer over all these structures. It contributes 
the most to the refractive power of the eye. Out of 59 diopters for the unaccomodated 
eye, 43 are accounted to the cornea and only 16 to the lens. The vitreous humour, 
which fills the eyeball, consists mostly of water enriched with salt and sugar and a 
collagen network. It contains some phagocytes to remove unwanted debris, but it 
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lacks blood vessels. Unlike the aqueous humour it is never replenished. Therefore 
everything that gets into the vitreous humour will stay there for a lifetime unless 
surgically removed. The vitreous humour serves also to hold the retina in place by 
pressing it against the choroid. Thereby it touches the retina in only three places: the 
anterior border of the retina, the macula and the optic nerve disc. The optic disc is the 
place where the optic nerve exits the eyeball. It is also referred to as the blind spot 
because at this position there are no photoreceptors. In the middle of the eye resides 
the hyaloid canal, which is the leaving from the hyaloid artery that serves to nourish 
the growing lens during development and from where retinal blood vessel start to 
invade deeper retinal layers. It regresses before birth in humans (see 1.1.6.). 
 
 
Fig.1: Schematic representation of a human eye. 
http://en.wikipedia.org/wiki/File:Schematic_diagram_of_the_human_eye_en.svg 
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Fig.2: Schematic representation of the contraction and relaxation the ciliary muscle for accommodation 
of the lens. 
http://projects.cbe.ab.ca/Diefenbaker/Biology/Bio%20Website%20Final/notes/nervous_system/Image5
1.gif 
 
1.1.2. The architecture of the retina 
 
The retina consists of six layers (Fig.3). The single cell layer of the retinal pigment 
epithelium (RPE) is the outermost layer. Its main role is the phagocytosis of 
photoreceptor outer segments and renewal of the visual pigment (see 1.1.4.). The 
photoreceptor cell bodies are located in the outer nuclear layer (ONL). They span 
their inner and outer segments towards the RPE. Between the photoreceptor cell 
bodies and the segments, the outer limiting membrane is located. In the outer 
plexiform layer (OPL) the photoreceptors build synapses to bipolar cells for signal 
transduction or to horizontal cells for signal modulation (see 1.1.5.). These cells are 
located in the inner nuclear layer (INL) together with amacrine cells. Amakrine cells 
form synaptic complexes to bipolar and ganglion cells in the inner plexiform layer 
(IPL). Apart from neurons, there are also glial cells in the retina: astrocytes, microglia 
INTRODUCTION  10  
and Müller cells. Astrocytes are restricted to the nerve fibre layer. Together with 
pericytes, they are particularly important in the development of the retinal vasculature 
(see 1.1.6.) and later on they build an important component of the blood-retinal-
barrier. Microglia reside dormant in the retina until they get stimulated into 
macropagic function upon retinal injury. The third kind of glial cells, the Müller-glial 
cell (or Müller cell) spans from the outer limiting membrane to the inner limiting 
membrane, which rounds of the retina at the border of the ganglion cell layer (GCL). 
These cells fulfill a wide range of physiological functions to support the functioning 
and survival of retinal neurons. Resent research showed that they may also act as 
optical fibres to guide the light all the way through the retina to the photoreceptors 
(Franze et al., 2007). The cell bodies of ganglion cells are located in the GCL. The 
axons of the ganglion cells gather at the optic disc and constitute the optic nerve, 
which exits the retina at the blind spot leading to the brain. 
 
 
Fig.3: Morphological section of a guinea pig retina (A) and schematic representation (B) of a mouse 
retina. PE: pigment epithelium. PR: photoreceptor inner and outer segments. ONL: outer nuclear layer. 
OPL: outer plexiform layer. INL: inner nuclear layer. IPL: inner plexiform layer. GCL: ganglion cell 
layer. ON: optic nerve. AC: amacrine cell. BC: bipolar cell. GC: ganglion cell. HC: horizontal cell. 
MC: Müller cell. Scale bar: 25µm. Adapted from: 
http://www.anatomy.unimelb.edu.au/researchlabs/rees/images/retina.jpg 
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There are two different kinds of photoreceptors, rods and cones (Fig.4). Rod 
photoreceptor outer segments consist of enclosed discs, whereas cone discs are infolds 
of the cell membrane. Cones are shorter than rods and are outnumbered by them. In 
the human retina around 120 million rods exist and only 6-7 million cones. Only in 
the central region of the retina, the macula, and in the innermost center, the fovea 
(around 1.5 mm in diameter in the human eye), the ratio of cones is higher. The center 
of the fovea, the foveola (around 0.33 mm in diameter in the human eye), is even rod-
free. Rods can detect very low levels of light intensity, whereas cones only function at 
higher light intensities. Consequently, rods are there to see rough shapes in dim light 
whereas cones are there to see color with a high visual acuity in bright light. Three 
different kinds of cones exist in the human retina (S-, M- and L-cones), that perceive 
light from different wavelengths (blue, green and red respectively; Fig.5). Mice do not 
have L-cones, i.e. they cannot see light in the red part of the spectrum. Mice are also 
devoid of a macula and therefore they also have a lower percentage of cones (around 
3%) and no cone-rich region in their retina. 
 
 
Fig.4: Schematic representation of rod and cone photoreceptors. 
http://thebrain.mcgill.ca/flash/d/d_02/d_02_m/d_02_m_vis/d_02_m_vis_1a.jpg 
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Fig.5: Absorbance spectrum and maxima of S-, M-, and L-cones (blue, green and red, respectively). 
http://en.wikipedia.org/wiki/File:Cones_SMJ2_E.svg 
 
1.1.3. Phototransduction 
 
The discs in the outer segments of rod and cone photoreceptors harbor special 
membrane proteins called opsin (rod opsin or cone opsin, respectively). Together with 
the chromophore 11-cis-retinal they build the light sensitive visual pigment. Most of 
what is known about the molecular events of phototransduction has been learned from 
experiments in rods, in which the photopigment is rhodopsin (Fig.6). When light 
enters the retina and a photon hits the visual pigment, the chomophore undergoes a 
conformational change from 11-cis- to all-trans-retinal (first step Fig.6). This change 
causes activation of rhodopsin and the G-protein transducin. Several steps are 
executed (Fig. 6) that in the end lead to closure of cyclic guanosine monophosphate 
(cGMP)-gated Ca2+-channels. In darkness cGMP binds to these channels leaving them 
open for a constant influx of Ca2+ and Na+. This leaves the cell partially depolarized 
leading to a constant release of the neurotransmitter glutamate. When, during light 
conditions, cGMP is hydrolysed (step 4 in Fig. 6) to GMP, it cannot bind to the 
channels anymore. The channels will close and positively charged ions will stop to 
enter the cell. However, positive charge will still exit the cell due to the ongoing K+-
current. Therefore the cell hyperpolarizes leading to a decrease of the release of 
glutamate from the photoreceptor synaptic ending (see 1.1.5.). In order to switch off 
the system and not to react again until the chromophore is recycled, rhodopsin is 
phosphorylated by rhodopsin kinase. The S-antigen arrestin can bind to 
phosphorylated opsins and thereby block further G-protein signaling. This also 
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facilitates the release of all-trans retinal. All-trans retinal is now entering the visual 
cycle to be reisomerized to 11-cis retinal (see 1.1.4.). 
 
 
Fig.6: Schematic drawing of the events happening during phototransduction. When light enters the 
retina and a photon hits rhodopsin, the chomophore undergoes a conformational change from 11-cis- to 
all-trans-retinal (Step 1). This change causes activation of rhodopsin upon which transducin can bind to 
it. After binding, transducin releases guanosine-5 diphosphate (GDP) and exchanges it to guanosine-5 
triphosphate (GTP) (Step 2). Then the α-subunit of transducin, which has the GTP bound, is released 
and binds to the γ-subunit of a phosphodiesterase (PDE) activating its α- and β-subunits (Step 4). 
These activated subunits hydrolyze cyclic guanosine monophosphate (cGMP, cG), which is 
synthesized by the guanyl cyclase (GC) (Step 5). R: rhodopsin. G: G-protein (transducin). R*: activated 
rhodopsin. G*: activated transducin. GMP: guanosine monophosphate. 
http://en.wikipedia.org/wiki/File:Phototransduction.png 
 
1.1.4. The visual cycle 
 
After photon absorbtion, all-trans retinal is transported to the RPE where different 
enzymatic reactions lead to its reisomerization into the photosensitive 11-cis retinal 
(Redmond et al., 1998) (Fig.7). The most important step in this visual cycle is the 
reisomerisation carried out by the enzyme retinal pigment epithelium 65 (RPE65). If 
this protein is mutated it leads to loss of function and blindness in a disease called 
Leber’s congenital amaurosis (see 1.2.). Furthermore, only one aminoacid substitution 
in RPE65 influences the light damage susceptibility in mouse models for induced 
retinal degeneration (see 1.3.). 
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The visual cycle has been described mostly for rods. Recent studies suggest that there 
might be a different visual cycle in cone photoreceptors involving Müller cells (Wolf, 
2004; Fleisch et al., 2008; Wang and Kefalov, 2009). 
 
 
Fig.7: Schematic drawing of the events happening during the rod visual cycle. all-trans retinal is first 
transported from the disc membrane to the cytosol of the rod outer segment by the ATP binding 
cassette protein (ABCA). In the cytosol the all-trans retinol dehydrogenase (atRDH) reduces the 
aldehyde to all-trans retinol. This form binds to the inter photoreceptor retinol binding protein (IRBP) 
which facilitates the transport to the RPE. In the RPE all-trans retinol binds to the cellular retinol 
binding protein (CRBP). The lecithin retinol acyl transferase (LRAT) esterifies all-trans retinol to all-
trans retinyl ester. This ester is hydrolyzed and isomerized to 11-cis retinol by RPE65. The 11-cis 
retinol dehydrogenase (11-RDH) then oxidizes 11-cis retinol to 11-cis retinal in a reaction accelerated 
by the cellular retinaldehyde binding protein (CRALBP). 11-cis retinal is finally transported back to a 
rod outer segment to bind to opsin and therefore form a new light sensitive rhodopsin molecule. 
Rho: rhodopsin. Rho*: activated rhodopsin. REH: retinyl ester hydrolase. 
 
1.1.5. The visual pathway 
 
Light enters the retina from the innermost layer, the GCL, and has to travel all the 
way through the cell layers in order to reach the photoreceptors in the ONL. There it 
causes phototransduction, which leads to activation of bipolar cells in the INL. For 
cones, there are two kinds of bipolar cells, on-centre bipolar cells (or on-bipolar cells) 
and off-centre bipolar cells (or off-bipolar cells) (Fig.8). The area in the visual field 
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that one ganglion cell can detect is called receptive field. This is basically the same 
area that the corresponding bipolar cell can detect except for information that is 
gained or lost by lateral communication with horizontal or amacrine cells. On-bipolar 
cells are activated when light hits at the center of their receptive field. Off-bipolar 
cells react to dark receptive field centers and light in the surroundings. Like this, 
edges and structures can be visualized. Rods connect only to on-bipolar cells so that 
every little light can be detected. Furthermore, many rods connect to only one bipolar 
cell thereby amplifying very low light signals. Cones in the foveola connect to bipolar 
cells in a one-to-one ratio to establish a high visual acuity. On-bipolar cells depolarize 
when glutamate release from photoreceptors decreases (when light hits the 
photoreceptor cell) and off-bipolar cells depolarize upon high glutamate release from 
an unexited photoreceptor. Like most other cells in the retina (except ganglion cells) 
bipolar cells have graded potentials rather than action potentials. That means that 
depolarization of on-center bipolar cells leads to an increase of transmitter-released at 
their synaptic terminals and consequent depolarization (activation) of on-centre 
ganglion cells without the need of a threshold value. 
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Fig.8: Schematic drawing of the receptive fields and reactions of on and off center bipolar cells. 
http://en.wikipedia.org/wiki/File:Receptive_field.png 
 
The signal is then transferred to ganglion cells. Interneurons in the INL either modify 
the signal from photoreceptors to bipolar cells (horizontal cells) or the signal from 
bipolar cells to ganglion cells (amacrine cells). Rod bipolar cells don’t connect 
directly to ganglion cells, they always connect over an amacrine cell. Modification 
can be either signal amplification/inhibition or it can result in more complex receptive 
fields that especially detect either motion or color. This ends in different on- and off-
center ganglion cells that are responsible for either motion or color. When the optic 
nerve exits the eye it first crosses at the optic chiasm (Fig.9) and enters the laterate 
geniculate nucleus (LGN) as the optic tract. The LGN is the first relay station in the 
brain before the signal is transferred to the visual cortex. 
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Fig.9: Schematic representation of optic nerve fibers on their way to the visual cortex. 
http://www.skidmore.edu/~hfoley/images/Brain.top.jpg 
 
Another pathway is initiated by intrinsically photosensitive ganglion cells (ipGCs). 
These cells contain the photosensitive pigment melanopsin (Freedman et al., 1999; 
Gooley et al., 2003). This system regulates the circadian rhythm and other functions 
depending on the light-dark cycle and thus fullfills non-image forming tasks. The 
axons of the ipGCs project via the optic nerve to areas of the thalamus before 
projecting to other brain areas like motor cortex or areas for regulation of sleeping 
behavior (Hattar et al., 2006). 
 
1.1.6. The retinal vasculature 
 
Correct function of the retinal network requires supplementation of the cells with 
nutrients and oxygen. The retinal blood vessel system supplies the inner retinal layers 
whereas the choroidal vascular system nourishes the outer retinal layers. Unlike the 
retinal vessels, which are part of the blood-retinal-barrier and therefore contain tight 
junctions, the choroidal vessels are fenestrated. To maintain a blood-retinal-barrier in 
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the outer retina, choroidal capillaries are separated from the neural retina by the 
Bruch’s membrane and the RPE, which contains tight junctions (Fig 10). 
 
 
Fig.10: Schematic representation of the choroidal blood-retinal-barrier built by Bruch’s membrane and 
the RPE.  
Nature Protocols 4, 662 - 673 (2009) 
 
The retinal vasculature develops in the fourth month after gestation in human and 
after birth in mice. Before that time, the hyaloid vascular system nourishes the 
developing retina. This arterial network in the vitreous is characterized by the absence 
of veins. Blood enters through the hyaloid artery in the optic nerve, runs through 
hyaloidal vessels in the vitreous and exits through the choroidal vein (Fig.11A). As 
long as the retinal thickness is below 90µm, the choroidal and hyaloidal blood supply 
are sufficient. In some mammals, e.g. the guinea pig, the retina remains so thin that it 
never develops a retinal vasculature. In most mammals however, as the retina grows, 
a superficial retinal vascular plexus (or primary plexus) starts to develop (Fig.11B). 
The new built blood vessels grow along an astrocyte network. The driving force for 
this is tissue hypoxia (see 1.4.). The further growth of the retina promotes the 
development of the deep (in OPL) and the intermediate vascular plexus (in IPL). The 
primary plexus consists of arteries and veins. The deeper plexi develop from veins, 
venules and capillaries of the primary plexus. The hyaloidal vessels regress as the 
retinal vessels start to build (Fig.11C). 
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Fig.11: Schematic drawing of the regression of the hyaloid vessels and the development of the retinal 
vasculature. A: The hyaloid vasculature (hv) is supplied by the hyaloid artery (ha). It drains into the 
choroidal net (ch). B: The hyaloid vasculature regresses when the primary plexus (pp) starts to grow 
into the retina. C: The deeper plexi (dp) develop from veins, venules and capillaries in the primary 
plexus. 
From Fruttiger, M., Development of the retinal vasculature, Angiogenesis 2007, 10:77-88, Figure 1.  
 
1.2. Blinding diseases of the retina 
 
The complex network of the visual system requires precise function of a multitude of 
different proteins. Not surprisingly things go wrong sometimes. Hereditary vision 
impairments like myopia and hyperopia, which are caused by an abnormal shape of 
the eyeball, are in most cases correctible by glasses. The most frequent eye disease is 
cataract (lense disease) followed by glaucoma (ganglion cells affected) and age 
related macular degeneration (macula, photoreceptors affected) (see 1.2.1.). These 
diseases are complex diseases involving gene mutations but also environmental 
factors. They develop at later ages due to certain risk factors like smoking or 
malnutrition. The leading cause of blindness in working age people in the western 
world is diabetic retinopathy, which is a secondary cause of diabetes. It develops after 
hyperglycemia-induced vasoregression that leads to retinal hypoxia causing activation 
of angiogenic genes and subsequent neovascularization in the retina (Aiello et al., 
1994; Frank, 2004). These neovascularizations can rapture and cause intra-retinal 
bleeding and detachment of the retina. Retinitis pigmentosa (RP) (see 1.2.2.) 
represents a group of hereditary diseases, which especially affect photoreceptors or 
the RPE. 
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1.2.1. Age related macular degeneration 
 
Age related macular degeneration (AMD) is the major cause of visual impairment in 
people over 50 years of age. It results in loss of vision in the macula, the center of the 
visual field, due to degeneration of the neuronal retina and the RPE (Fig.12). AMD 
starts with characteristic yellow deposits, called drusen, in the macula between the 
RPE and the choroid (Fig.13). Dry (non-exudative) AMD (also called geographic 
atrophy) is the most frequent and initial form of AMD. The disease can develop into 
the wet (exudative) and more severe form. Here, blood vessels from the choroid, 
which supplies the macula, grow into the retina and can cause its detachment. The 
blood vessels derived from neovascularization are usually leaky causing strong 
damage to photoreceptors. The wet form of AMD is more seldom than the dry form of 
AMD. It develops in only 10-15% of all AMD cases but it is nonetheless responsible 
for about 80% of severe visual impairment in AMD patients (Jager et al., 2008).  
 
 
Fig.12: Left: an image that a healthy human can see. Right: the same image as it would be seen by an 
AMD patient. http://en.wikipedia.org/wiki/Macular_degeneration  
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Fig.13: Left: fundus image from a healthy human. Right: fundus from an AMD patient. The yellow 
dots are drusen between the choroid and the RPE. 
http://webvision.med.utah.edu/ClinicalERG.html#ERGs%20in%20retinitis%20pigmentosalike%20dise
ases and http://en.wikipedia.org/wiki/Macular_degeneration  
 
1.2.2. Retinitis pigmentosa 
 
Retinitis pigmentosa (RP) represents a group of hereditary diseases, which especially 
affect photoreceptors or the RPE classically leading to night blindness (rods are 
affected) and tunnel vision during adolescence (Fig. 14) until, at a later stage, the 
patient becomes completely blind (cones are then also affected). RP is mostly a 
monogenic disease. Up to now, 46 genes have been identified which, when mutated 
can cause RP (http://www.sph.uth.tmc.edu/Retnet/disease.htm). These genes are for 
example important for the visual cycle (e.g. RPE65, ABCA, LRAT) or 
phototransduction (e.g. SAG, RHO, PDE6A, PDE6B). Many gene mutations are still 
unknown and the number of identified mutations is growing constantly. Furthermore, 
there is increasing evidence that modifier genes – mutated genes that indirectly cause 
a disease by acting on another gene - also play an important role in the disease onset 
and progression. Statistically, 1 in 4000 humans suffers from RP, which numbers the 
total affected humans to more than 1.5 million worldwide. RP can be inherited in an 
autosomal-dominant, an autosomal recessive or in an X-linked manner. RP is a 
variably developing disorder, which can lead to loss of vision between childhood/birth 
and mid-adulthood. A characteristic of RP is the intraretinal pigmentation that can be 
seen in the fundus of patients (Fig.15). This pigmentation results from RPE cells that 
invade the neural retina due to lesions caused by dying photoreceptor cells. The 
Age related macular degeneration 
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pigmentation starts in the periphery of the retina, because rods, which reside in the 
peripheral retina, are the first cells affected. 
 
 
Fig.14: Left: an image that a healthy human can see. Right: the same image as it would be seen by an 
RP patient. http://en.wikipedia.org/wiki/Retinitis_pigmentosa 
 
 
Fig.15: Left: fundus image from a healthy human. Right: fundus from an RP patient. The dark lesions 
represent the pigment of RPE cells that invade the retina. 
http://webvision.med.utah.edu/ClinicalERG.html#ERGs%20in%20retinitis%20pigmentosalike%20dise
ases 
 
1.3. Mouse models for retinal degeneration 
 
To find out more about the molecular mechanisms underlying retinal degeneration 
diseases like AMD or RP different models are utilized. Cell culture models are in 
most cases the most unobjectionable models due to ethical reasons. However, since 
the retina is a very complex, multilayered neuronal tissue, it is not possible to date to 
use cell culture for all the studies. The mouse is a well-established model and with 
some exceptions the only mammal, which can be genetically modified. Using 
genetically modified mice it is possible to mimic human genetic diseases and study 
mechanisms of disease development or possibilities for therapeutic treatment. 
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Several mouse models, induced (see 1.3.1.) and inherited (see 1.3.2.), exist to mimic 
human retinal degenerations like RP or AMD. The common feature of these diseases 
is the loss of visual cells by apoptosis. The events taking place after the induction of 
the death signal share some features in induced and inherited models. But whereas 
induced models lead to a very synchronized cell death, inherited degenerations always 
represent photoreceptors in different stages of demise. Some examples for induced 
and inherited degeneration are described below. 
 
1.3.1. The light exposure model 
 
Light induced photoreceptor degeneration represents a very suitable model to study 
the mechanisms of degeneration. It is a fast experimental model and cell death occurs 
almost synchronously in all photoreceptor cells. In this model mice are exposed to 
very bright fluorescent white light for a specific time frame (for example 1 hour to 
5000 lux for albino mice) (Reme et al., 1998; Grimm et al., 2000a; Wenzel et al., 
2005). This causes very rapid photoreceptor degeneration (Fig. 16). It has been 
elucidated that apoptosis after light induced degeneration occurs in four phases: the 
induction phase, the death signal transduction phase, the execution phase and the 
clearance phase (Wenzel et al., 2005). Already 12 hours after exposure first pyknotic 
nuclei (rounded black nuclei in Fig. 16) are visible. 24 hours after the light insult 
disintegration of outer and inner segments can be seen and a reduced number of 
photoreceptor nuclei is visible at 3 days. Resident microglia get activated around 3 to 
5 days after light exposure and blood macrophages enter the retina through the optic 
nerve and the ciliary body to phagocytose dead cells (Joly et al., 2009). Most 
photoreceptor debris are cleared away from the subretinal space at 10 days after 
exposure. However, the severity of damage can be tuned by changing duration and 
intensity of the insult. The susceptibility of mouse eyes to a light (and often also an 
inherited) insult depends closely on the amino acid at position 450 in the RPE65 
isomerohydrolase (Wenzel et al., 2001). If the leucine at this position is substituted by 
a methionine (Rpe65450Met) the animal is less sensitive to light. The mutation occurs 
naturally and renders for example the C57BL/6 mouse strain resistant against light 
induced degeneration. This genetic modifier also alters the speed of rhodopsin 
regeneration (Wenzel et al., 2001). Constant reisomerization of the chromophore is 
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required for light damage susceptibility (Grimm et al., 2000b; Keller et al., 2001). 
Mice without a functional visual cycle are resistant to light damage. Additionally, in 
several inherited mouse models the time course of degeneration is accelerated by 
light, thus the light exposure model has also relevance for inherited degenerations. 
 
 
Fig. 16: Light induced retinal degeneration. Shown are morphological sections of retinas from light 
exposed mice. OS: outer segments. IS: inner segments. ONL: outer nuclear layer. OPL: outer plexiform 
layer. INL: inner nuclear layer. DC: dark control, unexposed mouse. +12h - +10d: timepoint after light 
exposure. h: hours. d: days. Arrow: pyknotic nucleus (example). 
 
1.3.2. Inherited mouse models 
 
Among the inherited models the VPP mouse (Naash et al., 1993) is a model for 
autosomal dominant RP. It expresses a rod opsin transgene with three mutations 
(V20G, P23H, P27L). Photoreceptor apoptosis starts around postnatal day 15 and 
procedes slowly (Fig. 17) (Samardzija et al., 2006a). The rd1 (retinal degeneration 1) 
mouse (Bowes et al., 1990) is a model for autosomal recessive RP. It carries a 
naturally occurring nonsense mutation in the β-subunit of the cGMP-
phosphodiesterase (PDE). This leads to accumulation of calcium in photoreceptor 
outer segments that causes photoreceptor degeneration by an unknown mechanism. 
Already at 21 days of age most photoreceptor nuclei are lost in this mouse (onset of 
degeneration is around 11 days of age) (Fig. 17). The rd10 mouse (Chang et al., 2007) 
carries a missense mutation in the β-subunit of the PDE leading to a similar 
degeneration as in the rd1 mouse but with a later onset (around 15 days of age) and a 
slower progression. The RPE65R91W knock-in mouse (Samardzija et al., 2008) carries 
a point mutation in the Rpe65 gene that leads to substitution of the arginine at position 
91 by a tryptophan in the isomerohydrolase RPE65. This reduces reisomerization of 
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the chromophore 11-cis-retinal leading to accumulation of retinyl esters in the RPE 
and subsequent degeneration of first cone and then rod photoreceptors (Samardzija et 
al., 2009). The same mutation is found in humans with Leber congenital Amaurosis, a 
severe form of retinal degeneration. 
 
 
Fig. 17: Examples for inherited retinal degenerations. Pictures of retinal morphology of the VPP and 
the rd1 mouse model. PND: postnatal day. PS: photoreceptor segments. ONL: outer nuclear layer. INL: 
inner nuclear layer. Arrow: pyknotic nucleus (example). 
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1.4. Signaling in the retina: the JAK/STAT pathway 
 
The Janus kinase/Signal Transducer and Activator of Transcription (JAK/STAT) 
signaling pathway takes part in the regulation of cellular responses to cytokines and 
growth factors. Six classes and different subclasses of cytokine receptors are known 
to date (Table 1). All cytokine receptors are composed of two or more polypeptide 
chains. Some cytokine receptor chains are specific to a particular cytokine receptor 
(e.g. LIFR for the Leukemia inhibitory factor (LIF) receptor), whereas others are 
shared among several such receptors (e.g. GP130 for LIF receptor and Interleukin 6 
receptor). Type I and type II cytokine receptors are always associated with one or 
more Janus kinases (JAKs). In mammals, the JAK family compromises four members 
(TYK2, JAK1, JAK2 and JAK3). Of the STAT transcription factors seven members 
(STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6) are known 
(Schindler et al., 2007). Binding of an extracellular cytokine enables trans-
phosphorylation of JAKs. Upon phosphorylation they execute the subsequent 
phosphorylation of tyrosine residues on the receptor creating docking sites for STAT 
proteins. After STATs have bound to the receptor, they are phosphorylated by JAKs. 
This phosphorylation enables dimerization of STATs and translocation to the nucleus 
where they activate gene transcription. Janus kinases are crucial for the transduction 
of cytokine signals and are therefore often essential for survival (see also chapter 
3.1.1.). 
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Type  Example Special feature 
Type I cytokine receptor - Type I interleukin 
receptors 
- Erythropoietin receptor 
- Leukemia inhibitory 
factor receptor 
Use JAK/STAT 
signaling 
Type II cytokine receptor - Type II interleukin 
receptors 
- Interferon-α/β receptor 
- Interferon-γ receptor 
Use JAK/STAT 
signaling 
Members of Immunoglobulin 
superfamily 
- Interleukin 1 receptor 
- Interleukin 18 receptor 
 
Tumor necrosis factor 
receptor family 
- FAS receptor 
- Nerve growth factor 
receptor 
 
Chemokine receptors - Interleukin 8 receptor 
- CXCR4 (HIV) 
G-protein coupled 
TGF-β receptors - TGF-β receptor 1 
- TGF-β receptor 2 
 
Table 1: The six classes of cytokine receptors. 
 
The JAK/STAT pathway can be negatively regulated on multiple levels (Fig. 18). 
Suppressors of Cytokine Signaling (SOCS) inhibit STAT phosphorylation by binding 
to and inhibiting JAKs or competing with STATs for phosphotyrosine binding sites 
on cytokine receptors (Krebs and Hilton, 2001). They are also able to interact with the 
elongin B/C complex and cullin 2 to build a E3 ubiquitinase complex that serves for 
ubiquitination of JAKs (Kile and Alexander, 2001). STATs are also negatively 
regulated by Protein Inhibitors of Acitvated STATs (PIAS), which act in the nucleus 
through several mechanisms, including blocking the DNA accessibility of STATs, 
recruiting transcriptional co-repressors or promoting protein sumoylation (Shuai, 
2006). Protein tyrosine phosphatases (PTPs) remove phosphates from phosphorylated 
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tyrosine residues and can therefore inhibit activated JAKs or STATs (Sun and Tonks, 
1994). 
 
 
Fig.18: Schematic drawing of components of the JAK/STAT signaling pathway. SOCS: suppressor of 
cytokine signaling. JAK: Janus kinase. PTP: protein tyrosine phosphatase. Ub: Ubiquitination signal. 
STAT: Signal transducer and activator of Transcrition. PIAS: protein inhibitor of activated STATs. 
http://www.nature.com/nri/journal/v3/n11/images/nri1226-f2.jpg 
 
Genes of the JAK/STAT pathway are activated during retinal degeneration 
(Samardzija et al., 2006a; Lange et al., 2010a) (last reference refers to chapter 3.2.3.). 
Their signaling has been associated with retinal stress, neuroprotection and other yet 
unknown functions (Joly et al., 2008; Ueki et al., 2008; Lange et al., 2010b) (last 
reference refers to chapter 3.1.1.). 
 
1.5. Hypoxia and HIF 
 
In conditions of reduced oxygen availability (hypoxia) the organs of the body need to 
accommodate. Therefore expression of genes for survival, metabolism and growth has 
to be adjusted. Special transcription factors called hypoxia inducible factors (HIFs) 
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serve for the upregulation of potentially protective genes during hypoxia. Three 
family members have been identified (HIF1, HIF2 and HIF3) with HIF1 being the 
best characterized (Bruick and McKnight, 2001). HIF1 controls predominantly 
anaerobic glycolysis (Hu et al., 2003), HIF2 appears to be the main regulator of 
erythropoietin (EPO) (Haase, 2010) and the role of HIF3 is until today less clear. 
HIFs consist of two subunits, an α-subunit, which is different for every HIF, and a 
common β-subunit, called arryl-hydrocarbon receptor nuclear translocator (ARNT). 
Both subunits belong to the basic helix-loop-helix PER/ARNT/SIM (bHLH-PAS) 
family. The HIF-β-subunit is located in the nucleus and is constitutively expressed. In 
conditions of normal oxygen availability (normoxia) HIF-α-subunits are constantly 
degraded (Wang and Semenza, 1993). They are hydroxylized at certain proline 
residues by prolyl hydroxylases (PHDs) (Bruick and McKnight, 2001; Ivan et al., 
2001; Jaakkola et al., 2001) (Fig. 19). Upon this hydroxylation the proteins are 
recognized by the Von Hippel-Lindau (VHL) complex (see 1.7.), which targets them 
for proteasomal degradation through ubiquitination (Salceda and Caro, 1997; Huang 
et al., 1998). Another hydroxylase, the factor inhibiting HIF (FIH), hydroxylates HIF 
at an asparagine residue leading to a blockade of the p300 co-activator recruitment 
(Mahon et al., 2001). In order to function, PHDs and FIH both depend on oxygen as a 
substrate (Jaakkola et al., 2001; Mahon et al., 2001). Hence, during hypoxia, 
hydroxylation does not occur, HIF-α is stabilized and can enter the nucleus, bind HIF-
β and the co-activator, and carry out transcriptional activity. 
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Fig.19: Schematic drawing of the events taking place during hypoxic stabilization of HIFα. PHDs: 
prolyl hydroxylases. FIH: factor inhibiting HIF.  
http://www.nature.com/nrm/journal/v5/n5/images/nrm1366-f3.gif 
 
Apart from heterodimerization with HIF-β, HIF-α can bind to non-PAS domain 
proteins and inhibit their function. Proteins like the tumor suppressor p53, the c-Myc 
proto-oncogene or the Notch intracellular domain have been shown to be inhibited by 
HIF-α binding (An et al., 1998; Koshiji et al., 2004; Gustafsson et al., 2005). 
 
1.6. Neuroprotection by hypoxic preconditioning 
 
The body can experience hypoxia in many different ways. Physiologically, during 
development of blood vessels (angiogenesis) for instance, tissue hypoxia is essential 
(Risau, 1997). HIF1 and its target genes like vascular endothelial growth factor (Vegf) 
and other pro- and also anti-angiogenic genes are thought to play a major role in this 
process (Carmeliet, 2003). In other situations hypoxia and VEGF are considered to act 
rather pathophysiologically, for example in tumor biology (Senger et al., 1983). 
There, angiogenesis is induced by the growing tumor. Blood vessels nourish the 
tumor promoting its further growth leading to more hypoxic tissue and again 
enhanced angiogenesis. 
Nevertheless, hypoxia can also have beneficial effects. An exposure of mice to 
hypoxia before light exposure (hypoxic preconditioning) protects photoreceptors from 
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degeneration (Grimm et al., 2002; Grimm et al., 2005). Preconditioning – the 
exposure of a tissue or an organism to sublethal stress conditions – is a very 
successful strategy to diminish neuro- and retinal degeneration in animal models. It 
induces pro-survival pathways that protect against future injury. Preconditioning 
stimuli like light or ischemia have been shown to prevent very efficiently neuronal 
degeneration (Liu et al., 1998; Zhang et al., 2002). Whereas hypoxic preconditioning 
reduces the oxygen availability, ischemic preconditioning inhibits the blood flow 
preventing nutrition exchange and waste disposal. 
The level of retinal neuroprotection in mice preconditioned by hypoxia correlates with 
the oxygen levels. A 6-hour exposure to an oxygen concentration of 6 to 10% 
provides complete protection against light induced retinal degeneration. 14% oxygen 
shows an intermediate level of protection and no protection is observed in retinas of 
mice exposed to 18% oxygen (normal room air has around 21% oxygen). The 
protection is also time-limited. After 16 h of reoxygenation the retina regains light 
damage susceptibility (Grimm et al., 2002; Grimm et al., 2005). This implies, that 
potential neuroprotective factors induced by hypoxic preconditioning are short-lived 
and rapidly degraded or inactivated during reoxygenation. 
Erythrpoietin (EPO) is one of the proteins that is induced upon hypoxic 
preconditioning and has been shown to have a protective role on the retina even when 
applied systemically as a recombinant protein before light exposure (Grimm et al., 
2006). EPO is mainly regulated by HIF2 (Haase, 2010). 
 
1.7. VHL 
 
The von Hippel Lindau protein (VHL) forms a multimeric protein complex together 
with Cullin-2, ring box1 (RBX1), and the Elongins B and C, which act as a E3 
ubiquitinase (Kibel et al., 1995; Pause et al., 1997; Iwai et al., 1999; Kamura et al., 
1999; Stebbins et al., 1999) (Fig.20). 
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Fig.20: Schematic drawing of the events taking place during ubiquitination and degradation of HIFα. 
RBX1: ring box 1. CUL2: cullin 2. 
http://www.hindawi.com/floats/720840/figures/720840.fig.001.jpg 
 
VHL is the substrate recognition component of the complex. It is the master regulator 
of HIF transcription factors. It binds with its β-domain directly to the region where 
HIF-α is hydroxylated (Ohh et al., 2000). Ubiquitination of the HIF-α-subunit is 
exhibited by the elongin B/C-cullin2 ligase and enhanced by the RBX1 protein. Apart 
from regulating HIF activity, VHL has been shown to regulate microtubule stability 
and to be important for cilia maintenance (Hergovich et al., 2003; Thoma et al., 
2007). Furthermore, VHL has been shown to be important for extracellular matrix 
assembly by binding to fibronectin (Ohh et al., 1998; Ohh and Kaelin, 1999) or to 
collagen IV without acting as an E3 ubiquitinase (Kurban et al., 2008). Additionally, 
it controls the stability of the plant homedomain protein Jade-1 (Zhou et al., 2004). 
This links VHL to the oncogenic β-catenin signaling pathway, because VHL has been 
also shown to suppress β-catenin through Jade-1 (Chitalia et al., 2008). VHL has also 
been implicated in the assembly of intracellular junctions (Calzada et al., 2006), in the 
signaling through atypical protein kinase C isoforms (Okuda et al., 2001) or NF-
kappaB (Yang et al., 2007),  in the c-Met receptor responsiveness to hepatocyte 
growth factor (Koochekpour et al., 1999; Peruzzi et al., 2006) and in the regulation of 
p53 transcriptional activity (Roe et al., 2006). Additionally, interaction of VHL with 
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proteins, whose function is not yet clear in tumor pathogenesis, has been suggested. 
These proteins include KRAB-A domain protein, VHLaK, that represses HIF 
transcriptional activity (Li et al., 2003), de-ubiquitylating enzymes (Li et al., 2002), 
the large subunit of RNA polymerase II (Kuznetsova et al., 2003) and the RNA-
binding protein hnRNP A2 (Pioli and Rigby, 2001). 
The VHL Syndrome is an autosomal dominant disease that manifests itself by 
hemangioblastomas (benign tumor of blood vessel stem cells) in the cerebellum, 
spinal cord and the retina. Often also renal angiomas (benign tumor of vessel wall 
components), renal cell carcinomas and pheochromocytomas (tumor of the adrenal 
gland) are part of the disease. It results from a mutation in the tumor suppressor gene 
VHL. Tumor development during the disease is thought to be mainly due to 
overactivation of HIF transcrition factors and the subsequent upregulation of 
angiogenic and growth related genes. However the roles of other VHL-regulated 
genes in this disease become more and more evident. 
VHL is also important in embryogenesis, since germline inactivation of VHL results 
in embryonic death (Gnarra et al., 1997). 
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2. Aims of the thesis 
 
Hypoxic preconditioning stabilizes photoreceptors and protects them against the toxic 
insult during light exposure (Grimm et al., 2002; Grimm et al., 2005). Gene 
expression analysis has shown that the expression of different genes changes after 
light exposure and/or hypoxia (Samardzija et al., 2006a; Thiersch et al., 2008). After 
light exposure some genes from the JAK/STAT pathway are induced. This induction 
led to the assumption that this signaling pathway could be important during retinal 
degeneration. The thesis had three specific aims: 
 
1. To analyze the expression of the different Janus kinases in four mouse models 
for retinal degeneration. Special attention was then given to JAK3, because its 
expression was induced in all of the models (3.1.1.).  
2. To analyze the role of hypoxia inducible factors in photoreceptors for 
neuroprotection during hypoxic preconditioning (3.1.2.). 
3. To analyze the effect of early and sustained activation of hypoxia inducible 
factors for retinal development including retinal vasculature and potentially 
neuroprotection (3.1.3.).  
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3. Results 
 
3.1. First author publications 
 
3.1.1. LIF-dependent JAK3 activation is not essential for retinal degeneration 
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Retinal degenerative diseases like retinitis pigmentosa are a
frequent cause of severe visual impairment or blindness in
humans. Most diseases are characterized by a progressive
loss of visual cells by apoptosis. Understanding the molec-
ular mechanisms which lead to photoreceptor cell death and
identifying endogenous rescue pathways for photoreceptor
survival is of fundamental importance to develop successful
therapeutic strategies for the treatment of patients.
To study photoreceptor degeneration, a variety of induc-
ible and inherited mouse models have been established.
Among the inducible models, exposure of mice to high levels
of white light induces photoreceptor cell death depending on
light intensity and duration of exposure (Reme et al. 1998;
Grimm et al. 2000a; Wenzel et al. 2005). After light
exposure, photoreceptor cells die almost synchronously and
are cleared from the subretinal space within 10 days. Rd1
[retinal degeneration 1 (Bowes et al. 1990)], rd10 (Chang
et al. 2007), and the transgenic VPP (Naash et al. 1993)
mice are examples for inherited models of retinal degener-
ation. Rd1 and rd10 mice carry a spontaneous and recessive
nonsense or missense mutation, respectively, in the b-subunit
of the cGMP-phosphodiesterase. Retinal degeneration in rd1
mice is characterized by an early onset [around post-natal
day (PDN) 11] and rapid progression whereas degeneration
in rd10 mice has a later onset (around PND 15) with a slower
progression. The VPP mouse line carries a transgene
encoding a mutant mouse rod opsin protein with three amino
acid substitutions (V20G, P23H, P27L). Expression of the
mutant protein causes an autosomal dominant disease (onset
around PND 15) with a slow progression (Samardzija et al.
2006a).
A mechanism common to different degenerative models is
the activation of the Janus kinase/signal transducer and
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Abstract
Retinal degeneration causes the induction of a leukemia
inhibitory factor (LIF)-controlled survival pathway which in-
cludes Janus kinase/signal transducer and activator of tran-
scription signaling. Lack of LIF prevents activation of this
signaling cascade and accelerates disease progression lead-
ing to a fast loss of photoreceptor cells. In this study, we show
that expression of Janus kinase 3 (Jak3), but not of the other
members of the family of Janus kinases, is induced in four
different models of retinal degeneration and that LIF is essen-
tial and sufficient to activate Jak3 gene expression. We also
show that the induction of Jak3 and Lifmay not depend directly
on cell death but rather on the retinal stress during photore-
ceptor degeneration. However, despite its dependence on LIF,
JAK3 is not essential for LIF-mediated photoreceptor protec-
tion or gene expression. Also, absence of JAK3 in knockout
mice did not affect immune-related responses in the degen-
erating retina. JAK3 may therefore play a different, yet un-
known, role in the retinal response to photoreceptor injury.
Keywords: retinal degeneration, JAK/STAT signaling, leu-
kemia inhibitory factor, Janus kinase 3, neuroprotection.
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activator of transcription (JAK/STAT) signaling pathway in
the retina (Samardzija et al. 2006b). The JAK/STAT signal-
ing pathway is known to be part of the cellular response to
cytokines and growth factors and to play a central role in cell
proliferation, differentiation and apoptosis. (Leonard and
O’Shea 1998; Rawlings et al. 2004). Binding of cytokines or
growth factors to their respective transmembrane receptors
induces trans-phosphorylation and thus activation of recep-
tor-bound JAKs. Once activated, JAKs phosphorylate spe-
ciﬁc tyrosine residues on the receptor to allow docking of
STAT proteins. After binding, STATs are phosphorylated by
JAKs, leading to their dimerization and translocation to the
nucleus for gene transcription. In mammals, the JAK family
of proteins contains four members: TYK2, JAK1, JAK2 and
JAK3 (Schindler et al. 2007). JAK1 is mostly associated
with class II growth factor receptors. Probably because of
neurologic deﬁcits and problems in lymphopoiesis, JAK1
knockout mice die prenatally (Rodig et al. 1998; Ghoreschi
et al. 2009). JAK2 binds mainly to type I cytokine receptors
like the erythropoietin receptor and is therefore critical for
erythropoiesis. Consequently JAK2 knockout mice die
embryonically (O’Shea et al. 2002). TYK2 binds to various
types of cytokine receptors and primarily plays a role in
allergies and the antimicrobial defense. Mutations in TYK2
cause disturbances in the human immune response (Watford
and O’Shea 2006). Unlike the other JAKs that exhibit broad
expression patterns, JAK3 is pre-dominantly produced in
hematopoietic cells and binds speciﬁcally to the (cc-subunit
of the IL-2-receptor subfamily of cytokine receptors. Mice
lacking the subdomains I–IV of the kinase domain of JAK3
(Jak3)/) mice) show no JAK3 kinase activity (Thomis et al.
1995). They develop a severe combined immune deﬁciency-
like phenotype with disturbed B- and T-cell maturation.
Leukemia inhibitory factor (LIF) has been shown to
activate JAK/STAT signaling in the degenerating retina (Joly
et al. 2008). LIF has been associated with protection of
photoreceptors from light damage and from degeneration in
the VPP mouse (Joly et al. 2008; Ueki et al. 2008)
suggesting that JAK/STAT signaling may be important for
the determination of photoreceptor cell fate upon damage or
stress. To speciﬁcally address the role of Janus kinases in
retinal degeneration, we analyzed the four JAK family
members during retinal degeneration in the light-induced and
in the inherited rd1, rd10 and VPP mouse models. Special
attention was given to JAK3 as expression of this family
member was strongly up-regulated in all of the disease
models.
Materials and methods
Mice
Animals were treated in accordance with the regulations of the
Veterinary Authority of Zurich and with the statement of ‘The
Association for Research in Vision and Ophthalmology’ for the use
of animals in research. Wild type 129S6/SvEvTac mice were
purchased from Taconics (Eiby, Denmark), C57BL/6 were from
RCC (Fu¨llinsdorf, Switzerland), BALB/c and rd1 from Harlan
(Horst, The Netherlands), and rd10 and Jak3–/– mice from Jackson
laboratory (Bar Harbor, USA). VPP mice were obtained from Muna
Naash (Naash et al. 1993) and mice heterozygous for Lif (Lif+/–)
were a generous gift of Bettina Holtmann and Michael Sendtner
(University of Wuerzburg, Wuerzburg, Germany). Rpe65R91W mice
were generated previously in our own lab (Samardzija et al. 2008).
To increase light damage susceptibility of Lif–/–, Jak3–/–, and their
respective control mice (Lif+/+ and Jak3+/+ respectively), the light
sensitive Rpe65450Leu allele was crossed in by breeding animals with
129S6/SvEvTac mice (Wenzel et al. 2001; Burgi et al. 2009). All
mice were maintained as breeding colonies at the University of
Zurich in a 12 h : 12 h light-dark cycle (60 lux).
Light exposure
Six- to eight-week-old mice were dark adapted overnight (16 h).
Pupils of pigmented animals were dilated with 1% cyclogyl (Alcon,
Cham, Switzerland) and 5% phenylephrine (Ciba Vision, Niede-
rwangen, Switzerland) 45 min before exposure. BALB/c mice were
exposed to 5000 lux of white ﬂuorescent light for 1 h and pigmented
animals to 13 000–15 000 lux for 2 h. After light exposure mice
were kept in darkness until the next day before they were returned to
cyclic light until killing and removal of the retina. Mice that were
dark-adapted but not exposed to light served as controls.
Hypoxic pre-conditioning
Hypoxic pre-conditioning (6–7% O2 for 6 h) was performed as
described previously (Grimm et al. 2002). After hypoxia mice were
dark adapted for 4 h before light exposure (see above).
Semi-quantitative real-time PCR
Retinas were removed through a slit in the cornea and immediately
frozen in liquid nitrogen. Total RNAwas prepared using the RNeasy
RNA isolation kit (Qiagen, Hilden, Germany) according to the
manufacturer’s directions including a Dnase treatment to digest
residual genomic DNA. Equal amounts of RNA were used for
reverse transcription using oligo(dT) primer and M-MLV reverse
transcriptase (Promega, Madison, WI, USA). Relative quantiﬁcation
of cDNA was done by semi-quantitative real time-PCR using the
LightCycler 480 Sybr Green I Master kit, a LightCycler 480
instrument (Roche Diagnostics, Basel, Switzerland) and speciﬁc
primer pairs (Table 1). Three animals per time point were analyzed
in duplicates and normalized to b-actin using the Light Cycler 480
software (Roche Diagnostics, Basel, Switzerland). Values of
experimental retinas were expressed relative to their respective
controls, which were set to 1.
Intravitreal injection of recombinant LIF (rLIF)
Intravitreal injections were performed as described (Joly et al.
2008). Brieﬂy, animals were anesthetized and 1 lL of rLIF in
phosphate-buffered saline (PBS) (10 ng/lL; Chemicon, Temecula,
CA, USA), or of PBS alone was injected within 5 to 10 s using a
34G needle mounted on a 10 lL Hamilton syringe. The empty
needle was kept in place for additional 30 s before it was slowly
withdrawn. The injection site was just behind the limbus on the
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superior part of the eye. Intravitreal placement of the needle was
observed through the pupil. Mice were killed 24 h after injection.
Morphology and cell death detection ELISA
For light microscopy, eyes were ﬁxed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.3) at 4C overnight. For each eye, the
superior and the inferior retina were prepared, washed in cacodylate
buffer, incubated in osmium tetroxide for 1 h, dehydrated, and
embedded in Epon 812. Sections (0.5 lm) were prepared from the
lower central retina and counter-stained with methylene blue. Cell
death was quantiﬁed 24 h after light exposure in isolated retinas
using the ELISA-based cell death detection kit (Roche Diagnostics)
according to the manufacturer’s recommendation.
Immunofluorescence
Mice were perfused transcardially with 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (pH 7.4). After enucleation, eyes
were ﬁxed for 2 h in 4% PFA at 4C before cornea and lens were
removed. The remaining ocular tissue was post-ﬁxed for additional
2 h in 4% PFA at 4C, followed by cryoprotection in 30% sucrose
in PBS, pH 7.4, at 4C. Eyecups were embedded in tissue freezing
medium (Leica Microsystems Nussloch GmbH, Nussloch, Ger-
many) and frozen in a 2-methylbutane bath cooled by liquid
nitrogen. Retinal sections (12 lm) were cut and blocked in 3%
normal goat serum, 0.3% Triton X-100 in 0.1 M PBS (pH 7.4) for
1 h at 22C. Sections were then incubated in blocking solution at
4C overnight with one of the following primary antibodies: anti
F4/80 (#T-2028 BMA biomedicals, Augst, Switzerland, 1 : 500) or
anti Iba1 (#019-19741 Wako, Richmond, USA, 1 : 1000). After
washing thrice with PBS, slides were incubated with the
appropriate secondary antibody coupled to Cy3 for 1 h at 22C,
counter-stained with DAPI and mounted with MOWIOL anti-fade
medium (10% Mowiol 4-88 (w/v) (Calbiochem, San Diego, CA,
USA), in 100 mM Tris, pH 8.5, 25% glycerol (w/v) and 0.1% 1,4-
diazabicyclo [2.2.2] octane. Signals on sections were analyzed
with a digitalized Axiovision microscope (Carl Zeiss, Jena,
Germany).
Lasercapture microdissection and detection of gene expression
Mice were killed, eyes enucleated and immediately embedded in
tissue freezing medium (Leica Microsystems Nussloch GmbH) and
frozen in a 2-methylbutane bath cooled by liquid nitrogen. Retinal
sections (20 lm) were ﬁxed (5 min acetone), air dried (5 min), and
dehydrated (30 s 100% ethanol, 5 min xylene). Microdissection was
performed using an Arcturus XT Lasercapture device (Molecular
devices, Silicon Vally, USA). RNA was isolated using the Arcturus
kit for RNA isolation (Molecular devices) according to the
manufacturer’s directions including a Dnase treatment to digest
residual genomic DNA. Equal amounts of RNA were used for
reverse transcription using oligo(dT) and M-MLV reverse transcrip-
tase (Promega). Resulting cDNAwas used for conventional PCR to
detect layer-speciﬁc gene expression. Primers are given in Table 1.
Conditions for conventional PCR included an initial denaturation
step (95C, 5 min) and 40 cycles of denaturing (95C, 45 s),
annealing (speciﬁc temperatures indicated in Table 1, 30 s) and
extension (72C, 30 s), followed by a ﬁnal extension step (72C,
10 min). Ampliﬁed products were analyzed on a non-denaturing
polyacrylamide gel.
Western blotting
Retinas were homogenized by sonication in 100 mM Tris/HCl, pH
8.0, and analyzed for protein content using Bradford reagent.
Standard sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (10%) and western blotting of 40 lg of total retinal extracts were
performed. For immunodetection, the following antibodies were
used: anti-STAT3 (#9132 Cell Signaling Technology, Beverly, MA,
USA, 1 : 1000), anti-STAT1 (#9171 Cell Signaling Technology,
1 : 1000), anti-STAT5 (#sc835 Santa Cruz Biotechnology, Santa
Cruz, CA, USA, 1 : 1000), anti-pSTAT3 (#9131 Cell Signaling
Technology, 1 : 500), anti-pSTAT1 (#9171, Cell Signaling Tech-
nology, 1 : 1000), anti-pSTAT5 (#9359 Cell Signaling Technology,
1 : 1000) and anti-b-actin (#A5441 Sigma, St. Louis, MO, USA,
1 : 5000). Blots were incubated overnight at 4C with primary
antibodies followed by a 1 h incubation at 22C with horseradish
peroxidase-conjugated secondary antibodies. Immunoreactivity was
Table 1 Primers and conditions for real-time PCR
Gene Up-stream Down-stream
Annealing
temperature (C) Product (bp)
Jak1 tgagctttgatcggatcctt gcagggtcccagaatagatatg 60 90
Jak2 gaacctacagatacggagtgtcc caaaatcatgccgccact 60 96
Jak3 cacagtgcatggcctatgat aggtgtggggtctgagagg 60 66
Tyk2 cctgtgtcaccttgctctca ggaatgagggatgcagttct 60 85
Gnat1 gaggatgctgagaaggatgc tgaatgttgagcgtggtcat 58 209
Gnat2 gcatcagtgctgaggacaaa ctaggcactcttcgggtgag 58 192
Chx10 ccagaagacaggatacaggtg ggctccatagagaccatact 60 111
b-actin caacggctccggcatgtgc ctcttgctctgggcctcg 62 153
Opn4 ccagcttcacaaccagtcct cagcctgatgtgcagatgtc 58 457
Lif aatgccacctgtgccatacg caacttggtcttctctgtcccg 60 216
Fgf2 tgtgtctatcaagggagtgtgtgc accaactggagtatttccgtgaccg 62 158
Edn2 agacctcctccgaaagctg ctggctgtagctggcaaag 60 64
Gfap ccaccaaactggctgatgtctac ttctctccaaatccacacgagc 62 240
Stat3 tgcggagaagcattgtgagtg ttttccagacggtccaggcagatg 62 159
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visualized using the Western Lightning Chemiluminescence reagent
(Perkin–Elmer, Boston, MA, USA).
Results
Photoreceptor degeneration induces expression of Jak3
Semi-quantitative real-time PCR analysis of the expression
of the four members of the Janus kinase family of proteins
(Jak1, Jak2, Jak3 and Tyk2) showed that Jak3 is induced in
all of the models for retinal degeneration (Fig. 1). Expression
peaked at 24 h after light exposure (Fig. 1a), at PND 14 in
the rd1 mouse (Fig. 1b), at PND 49 in the rd10 mouse
(Fig. 1c) and at the last time point tested in the VPP mouse
(Fig. 1d). In contrast, expression of the other kinases did not
increase but even slightly decreased. This was most obvious
for Jak1 in the light damage model with reduced expression
between 12 h and 3 days after light exposure and for Jak1,
Jak2 and Tyk2 in the rd1 mouse, which displays the most
severe degeneration phenotype. Expression of these genes in
the rd1 retina continuously decreased over the period
analyzed. The consistent induction of Jak3 expression in
the retina of all models suggested that JAK3 might play an
important role either in the degenerative process or in the
retinal response to photoreceptor injury and thus in neuro-
protection.
Janus kinases are expressed in all nuclear layers of the
retina
To analyze the expression pattern of the Janus kinases in the
retina, we isolated the outer nuclear layer (ONL), the inner
nuclear layer (INL) and the ganglion cell layer (GCL) using
lasercapture microdissection. Conventional endpoint PCR of
cDNA generated from RNA isolated from each layer
determined presence or absence of individual genes. Possible
cross-contamination of layers was tested using layer-speciﬁc
marker genes: Gnat1 (ONL), Chx10 (INL) and Opn4 (GCL).
The ampliﬁcation pattern of the marker genes showed that
INL and GCL samples were pure and the ONL samples had a
slight, but for our purpose negligible, INL contamination
(Fig. 2). All members of the Janus kinase family of proteins
were expressed in all nuclear layers of the retina in dark
conditions and at 24 h after light exposure.
(a) (b)
(c) (d)
Fig. 1 Photoreceptor degeneration induces expression of Jak3.
Expression of Jak1, Jak2, Jak3 and Tyk2 (as indicated) was detected
by semi-quantitative real-time PCR after light exposure (a), in the rd1
(b), the rd10 (c) and the VPP mouse (d). Values were normalized to
b-actin and expressed relatively to their respective controls (b–d) and
to the first timepoint (a–d), which was set to 1 for each gene. Shown
are means ± SD of three retinas per time point amplified in duplicates.
DC, dark control; Im, immediately after light exposure; h, hours; d:
days; mth, months.
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Jak3 and LIF are similarly expressed in the stressed retina
We and others showed that LIF is neuroprotective to the
retina after light exposure and in the VPP mouse (Wenzel
et al. 2001; Joly et al. 2008; Ueki et al. 2008; Burgi et al.
2009). Interestingly, Lif was induced along with Jak3 in the
degenerative retina of the rd1 mouse (Fig. 3a), at 12 h after
light exposure (Fig. 3b), in the VPP mouse (Joly et al. 2008;
Ueki et al. 2008) and the rd10 retina (not shown) suggesting
a regulatory connection between the two genes. To test the
basis of such a potential connection and of the induction of
the two genes, we used two mouse models which are
protected against light damage.
The Rpe65R91W knockin mouse expresses a mutant form of
the retinal pigment epithelium 65 (RPE65) isomerohydro-
lase. RPE65 is expressed in the pigment epithelium and is
essential for the isomerization of all-trans-retinal to 11-cis-
retinol in the visual cycle (Lamb and Pugh 2004; Jin et al.
2005; Moiseyev et al. 2005; Redmond et al. 2005). The
R91W amino acid substitution reduces levels and activity of
RPE65 leading to highly diminished amounts of 11-cis-
retinal and thus of bleachable rhodopsin in photoreceptors
(Samardzija et al. 2008). As light damage depends on photon
absorption by rhodopsin (Noell and Albrecht 1971; Grimm
et al. 2000b) and on the visual cycle (Wenzel et al. 2001),
Rpe65R91W mice are protected from light-induced degener-
ation (not shown). Another model for retinal protection is
hypoxic pre-conditioning (Grimm et al. 2002). Pre-condi-
tioning of wild type mice renders photoreceptors resistant
against light damage even though levels of bleachable
rhodopsin are normal and the visual cycle is functional.
Exposure of Rpe65R91W mice to high levels of white light
did not induce Jak3 or Lif expression (Fig. 3c). This suggests
that expression of these genes depends either on photon
absorption by rhodopsin and/or on photoreceptor cell death.
Exposure of mice pre-conditioned by hypoxia, however, led
to an increased expression of both genes (Fig. 3d). Taken
together, these results demonstrate that (i) induction of Lif
and Jak3 expression requires photon absorption by rhodop-
sin, and (ii) does not depend on photoreceptor death. Thus,
our data suggest that absorption of an excessive amount of
photons induces a stress-related signaling system which is
sufﬁcient to up-regulate Lif and Jak3 expression even in the
absence of photoreceptor degeneration.
O
NL
O
NL
IN
L
IN
L
G
CL
24 h after light Dark control
Jak3
Jak1
Jak2
Tyk2
Gnat1
Chx10
Opn4
b-actin
G
CL
R
et
in
a
R
et
in
a
Fig. 2 Janus kinases are expressed in all nuclear layers of the retina.
Outer nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell
layer (GCL) were isolated by lasercapture microdissection. Gene
expression was tested in the individual layers or in total retina (retina)
by conventional reverse transcription PCR. Gnat1 served as marker
for the ONL, Chx10 for the INL, and Opn4 for GCL. b-actin was used
as positive control. All members of the family of Janus kinases were
expressed in all cell layers in dark conditions (dark control) and at 24 h
after light exposure.
(a) (b)
(c) (d)
Fig. 3 Janus kinase (Jak) 3 and leukemia inhibitory factor (Lif) are
similarly expressed in the stressed retina. Gene expression of Lif and
Jak3 was analyzed by semi-quantitative real-time PCR. (a) Expression
levels in retinas of 10 and 16-day-old rd1 mice. (b) Expression levels in
wild type retinas of dark controls (DC) and at 12 h after light exposure.
(c) Expression levels in Rpe65R91W retinas of dark controls (DC) and
at 12 h after light exposure. (d) Expression levels in retinas of hypoxia
pre-conditioned wild type mice not exposed to light (DC) or at 12 h
after light exposure. Shown are means ± SD of three retinas per
condition, amplified in duplicates. Values were normalized to b-actin
and expressed relatively to the respective wild type control and to
levels at 10 days (a) or to levels of dark controls (b–d), respectively,
which were set to 1.
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LIF is essential and sufficient to induce Jak3 expression
Importantly, light induced Jak3 up-regulation was absent in
Lif)/) mice (Fig. 4a). We previously reported that lack of
LIF prevented induction of Jak3 also in the VPP retina (Joly
et al. 2008). This indicates that LIF is generally required to
induce Jak3 during retinal degeneration. To test whether LIF
is directly involved in the regulation of Jak3 expression, we
injected rLIF into the vitreous of wild type mice. Analysis of
Jak3 mRNA levels at 24 h after injection showed that
application of rLIF induced expression of Jak3 approxi-
mately 15-fold (Fig. 4b). Thus, LIF is essential and sufﬁcient
to induce Jak3 expression in the degenerating mouse retina.
These results suggested that JAK3 might be part of the LIF-
controlled neuroprotective response in the mouse retina.
JAK3 is not essential to induce LIF-mediated
neuroprotection
We recently showed that photoreceptor degeneration induces
expression of Lif in a subset of Muller glia cells by an
unknown mechanism. We proposed that Muller-cell derived
LIF induces endothelin 2 (Edn2) expression in photorecep-
tors. EDN2 in turn activates expression of ﬁbroblast growth
factor 2 (Fgf2), which ﬁnally supports survival of damaged
photoreceptors (Joly et al. 2008). To analyze whether JAK3
was part of this mechanism, we tested the regulation of the
LIF-controlled signaling system in light-exposed Jak3+/+
and Jak3)/) mice (Fig. 5a). All genes tested were similarly
induced in the presence or absence of JAK3. Furthermore,
the phosphorylation pattern of STAT1, STAT3 and STAT5
after light exposure was similar in both types of mice. Total
protein expression of these three STATs also remained at
steady state levels in the two genotypes (Fig. 5b).
Intravitreal injection of rLIF into eyes of Jak3+/) and
Jak3)/) mice had comparable effects on the expression
levels of genes involved in the LIF-controlled signaling
pathway (Fig. 5c). Taken together, our results show that LIF
is essential and sufﬁcient to induce Jak3 expression (Fig. 4)
but that JAK3 is not necessary for Lif expression and/or the
regulation of the members of the LIF-controlled survival
pathway (Fig. 5). This suggests that LIF induced by
photoreceptor damage not only activates a survival pathway
but also a second signaling system of unknown function
involving JAK3. Alternatively, it might be possible that there
is a redundancy among the members of the JAK family of
proteins with another kinase substituting for the lack of JAK3
in the retina. Although this possibility cannot be excluded, it
seems rather unlikely because other JAK family members did
not show an increased retinal expression in the absence of
JAK3 (data not shown).
JAK3 ablation does not influence retinal degeneration
Even though JAK3 did not seem to be speciﬁcally involved
in the LIF-mediated survival pathway, JAK3 might still be
important for the regulation of photoreceptor cell fate after
injury. Thus, we tested whether ablation of JAK3 would
inﬂuence retinal degeneration. Retinal morphology of light-
exposed Jak3+/+ and Jak3)/) littermates was comparable
with ﬁrst pyknotic nuclei visible at 12 h after exposure, outer
and inner segment disintegration at 24 h, reduced number of
photoreceptor nuclei at 3 d and clearance of most debris from
the subretinal space at 10 days after exposure (Fig. 6a).
These observations were supported by the quantiﬁcation
of cell death at 24 h after exposure. The generation of
free nucleosomes, as they are generated during apoptotic
cell death, was not signiﬁcantly different in Jak3+/+ and
Jak3)/) mice (Fig. 6c).
Lack of JAK3 did also not noticeably modify the course of
degeneration in the VPP mouse. At 6 months of age, both
VPP and VPP;Jak3)/) littermates had four to ﬁve rows of
photoreceptor nuclei left in the ONL (Fig. 6b). Accordingly,
there was no difference in the expression levels of rod and
cone transducins (Gnat1 and Gnat2, respectively) in
6 months old VPP and VPP;Jak3)/) littermates (Fig. 6d).
These ﬁndings strongly suggest that JAK3 does not play an
essential role in retinal degeneration.
Lack of JAK3 does not influence macrophage infiltration or
microglia activation in the retina
Photoreceptor death during retinal degeneration activates
resident microglia and attracts bone marrow-derived macro-
phages to the subretinal space (Joly et al. 2009a). These cells
are thought to assist in the clearance of cellular debris from
the space between ONL and RPE. Bone marrow progenitors
from Jak3 knockout mice show a reduced response to
chemotactic stimuli (Soldevila et al. 2004) and LIF was
reported to inﬂuence macrophage recruitment (Sugiura et al.
(a) (b)
Fig. 4 Leukemia inhibitory factor (LIF) is essential and sufficient to
induce Jak3 expression. Gene expression of Jak3 was analyzed by
semi-quantitative real-time PCR. (a) Comparison of Jak3 expression
levels in Lif+/+ and Lif)/) retinas of dark controls (DC) and of mice at
12 h after light exposure. (b) Jak3 expression levels in retinas of wild
type (129S6) mice which were untreated (ctr), or at 24 h after intra-
vitreal injection of phosphate-buffered saline (PBS) or recombinant
LIF, as indicated. Shown are means ± SD of three retinas per condi-
tion, amplified in duplicates. Values were normalized to b-actin and
expressed relatively to dark control levels (a) or to levels in untreated
controls (b).
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2000; Kerr and Patterson 2004; Linker et al. 2008). Given
the connection between LIF and JAK3 (see above), we tested
whether invasion or activation of macrophages and micro-
glia, respectively, might be impaired in the damaged retinas
of Jak3)/) mice. We used anti-F4/80 antibodies to specif-
ically detect macrophages (Fig. 7a) and anti-Iba1 antibodies
to label activated microglia in addition to macrophages
(Fig. 7b) in retinas of Jak3+/+ and Jak3)/) mice at 5 days
post-exposure. Peak invasion of macrophages and activation
of microglia occurs around 3 and 5 days after light exposure
(Joly et al. 2009a). A similar number of macrophages was
detected (Fig. 7a and b; arrows) in retinas of Jak3+/+ and
Jak3)/) mice. Similarly, the distribution of activated
microglia was not noticeably different in the light exposed
Jak3+/+ and Jak3)/) retinas (Fig. 7b, arrowheads). This
suggests that JAK3 is not involved in the recruitment of bone
marrow-derived macrophages or the activation of microglia
in the retina and that stress dependent activation of Jak3
expression was not required for the clearance of photo-
receptor debris from the subretinal space.
Discussion
Photoreceptor degeneration induces Lif expression which
controls an endogenous survival pathway including JAK/
STAT signaling (Samardzija et al. 2006b; Joly et al. 2008).
(a)
(b)
(c)
Fig. 5 Janus kinase (JAK) 3 is not essential to induce leukemia
inhibitory factor (LIF)-mediated neuroprotection. Gene expression was
analyzed by semi-quantitative real-time PCR and western blotting. (a)
Expression levels of indicated genes in retinas of Jak3+/+ and
Jak3)/) mice before (DC) and at 12 h after light exposure (+ 12 h).
Shown are means ± SD of three retinas per condition, amplified in
duplicates. Values were normalized to b-actin and expressed relatively
to dark control levels for each gene and genotype. (b) Levels of
phosphorylated and of total signal transducer and activator of
transcription (STAT) 1, STAT3 and STAT5 proteins were tested in
total retinal homogenates from Jak3+/+ and Jak3)/)mice without light
exposure (dark controls, DC) or at 12 h (+ 12 h), 24 h (+ 24 h) and
3 days (3 days) after illumination. b-actin served as control for
equal loading. (c) Expression levels of indicated genes in retinas of
Jak3+/) and Jak3)/) mice at 24 h after intravitreal injection of
recombinant LIF. Shown are means ± SD of three retinas per condi-
tion, amplified in duplicates. Values were normalized to b-actin and
expressed relatively to phosphate-buffered saline-injection levels for
each gene (set to 1, not shown).
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Lack of LIF prevents activation of this signaling cascade and
accelerates disease progression leading to a fast loss of
photoreceptor cells (Joly et al. 2008). In this study, we
analyzed the expression of the four members of the family of
Janus kinases in four models for retinal degeneration. We
show that Jak3 is induced in all of the models and that its
expression is dependent on the presence of LIF.
Our data link increased expression of Jak3 to retinal stress
and, in the case of light-induced photoreceptor degeneration,
to excessive photon absorption by rhodopsin. Photon
absorption by rhodopsin is the ﬁrst step in a cascade leading
to photoreceptor degeneration after light exposure (Grimm
et al. 2000b). Hypoxic pre-conditioning protects photore-
ceptors from light damage even though photon absorption is
normal. As Jak3 was induced after light exposure of hypoxia
pre-conditioned mice, Jak3 activation might be an early
event in the cascade and may not depend on photoreceptor
death but rather on the stress induced by excessive absorp-
tion of photons. This conclusion is further supported by our
ﬁnding that Jak3 was not induced in the Rpe65R91W mouse
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Fig. 6 Janus kinase (JAK) 3 ablation does not influence retinal
degeneration. (a) Retinal morphology of Jak3+/+ and Jak3)/) mice
was tested before (DC) and at different time points after light exposure
as indicated. Shown are representative sections of the most affected
regions of three mice. (b) Retinal morphology of VPP; Jak3+/+ and
VPP; Jak3)/) mice at 6 months of age. Shown are representative
sections of the most affected regions of three mice. OS, outer seg-
ments; IS, inner segments; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. (c)
Quantification of apoptosis in retinas of Jak3+/+ and Jak3)/) retinas
at 24 h after light exposure. Shown are mean values ± SD of three
retinas per genotype. Cell death in Jak3)/) was expressed relative to
Jak3+/+, which was set to 1. Ns, not significantly different (Student’s t-
test). (d) expression of Gnat1 (rod transducin) and Gnat2 (cone
transducin), determined by semi-quantitative real-time PCR in retinas
of 6-month-old VPP; Jak3+/+ and VPP; Jak3)/) retinas as indicated.
Shown are mean values ± SD of three retinas per genotype. Values
were normalized to b-actin and expression levels in VPP; Jak3)/)
were calculated relatively to levels in VPP; Jak3+/+, which were set
to 1.
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which has only 5% of normal rhodopsin levels and thus a
much reduced photon catch capacity.
Interestingly, Jak3 showed an expression pattern similar to
Lif in induced and several inherited models of retinal
degeneration [Fig. 3 and (Joly et al. 2008) data not shown].
In a recent study, we showed that Lif is induced in a subset of
Muller glia cells in response to photoreceptor injury and that
LIF controls an endogenous survival pathway which includes
increased expression of Edn2 and Fgf2. It has also been
shown that LIF signaling through the JAK/STAT pathway is
neuroprotective (Joly et al. 2008; Ueki et al. 2008). The
similar expression pattern of Jak3 and Lif in susceptible and
protected models of retinal degeneration therefore suggested
that JAK3 might also be involved in a neuroprotective
pathway. This hypothesis was further strengthened by the
observation that LIF was both essential and sufﬁcient to
induce expression of Jak3 (Fig. 4). Basic expression levels of
Jak3, however, were similar in wild type and Lif)/) mice
and thus independent of LIF [Fig. 4 and (Joly et al. 2008)].
This suggests that activation of Jak3 in the degenerating
retina was highly speciﬁc and important for the general, LIF-
mediated response of the retina to photoreceptor injury.
However, LIF-mediated neuroprotective signaling was not
affected in Jak3)/) retinas and rLIF was sufﬁcient to induce
the expression of Edn2 and Fgf2 in the absence of JAK3.
Furthermore, absence of JAK3 did not inﬂuence induction or
progression of photoreceptor degeneration. In summary, our
results show that Jak3 expression depends on LIF but that
JAK3 is not involved in the neuroprotective pathway
controlled by the LIF cytokine. This result implies that LIF
has multiple functions in the degenerative retina controlling a
protective response and an as yet unidentiﬁed mechanism
which involves JAK3. Alternatively, Jak3 up-regulation
might be needed for protection of cells different from
photoreceptors. Injury of other retinal cells (e.g. ganglion
cells) may induce the same LIF controlled signaling system
but protection of these cells may require JAK3. In such a
scenario, repression of JAK3 signaling in a model of
exclusive photoreceptor death would not lead to a detectable
phenotype.
It has been reported that Jak3 is mainly expressed in
hematopoietic cells but also in vascular cells and other non-
lymphoid and myeloid tissue (Verbsky et al. 1996). Through
the involvement in common cytokine receptor c-chain (cc)
signaling, Jak3 is important for both the innate and adaptive
immune response (Ghoreschi et al. 2009). Jak3)/) mice
were shown to have a blockade in B-cell development and
abnormal T-cells. They also show symptoms similar to
severe combined immune deﬁciency (Thomis et al. 1995;
Thomis and Berg 1997). As a result of the ocular immune
privilege (Streilein 2003; Taylor 2009) and the blood retinal
barrier, T- and B-cells or antibodies are normally not able to
enter the retina and to activate immune responses or
inﬂammation. Nevertheless, retinal degeneration induces
immune-like responses in the retina including activation of
resident microglia, inﬁltration of bone-marrow derived
+5 days
Ja
k3
+/
+
Ja
k3
–/
–
DC +5 days DC
100 µm
(a) (b)
Fig. 7 Lack of Janus kinase (JAK) 3 does not influence macrophage
infiltration or microglia activation in the retina. Immunostainings of
macrophages (F4/80, red, a) and microglia (Iba1, red, b) in Jak3)/)
and Jak3+/+ retinas of dark controls (DC) and at 5 days after light
exposure (+ 5 days). Arrows point to macrophages, arrowheads to
activated microglia. * marks artificially labeled blood vessels of the
deep vascular plexus. DAPI (blue) was used to counterstain nuclei.
Nomarski pictures (gray) give an impression of the different cell layers.
RPE, retinal pigment epithelium; ONL, outer nuclear layer; INL, inner
nuclear layer; GCL, ganglion cell layer.
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macrophages (Ng and Streilein 2001; Joly et al. 2009b) and
the activation of several genes involved in innate and
acquired immune systems (Rohrer et al. 2007). LIF has been
shown to be important for immune-like responses in models
of central or peripheral nervous system injury (Sugiura et al.
2000; Linker et al. 2008), for macrophage recruitment in a
late phase of autoimmune encephalomyelinitis (Linker et al.
2008) and for the stimulation of macrophage and microglia
proliferation (Kerr and Patterson 2004). Even though LIF
controls activation of Jak3 expression (Fig. 4), our data
indicate that LIF inﬂuences those systems through other
signaling pathways and that JAK3 is not required for
macrophage inﬁltration, microglia activation (Fig. 7), or the
induction of genes related to the innate immune response in
the retina (not shown). Whether ocular immunity in the
absence of JAK3 would be impaired in other models remains
a target for further research.
Immunologic challenges up-regulate Jak3 expression in
blood monocytes but JAK3 ablation has no inﬂuence on
monocyte function (Villa et al. 1996). Thus, it was suggested
that JAK3 function can be redundant in certain situations and
that other proteins may substitute for JAK3 to some extent.
To address this possibility in the mouse retina, we tested
whether any of the other JAK family kinases would show
higher expression levels in Jak3)/) mice to compensate for
the absence of JAK3. However, expression of Jak1, Jak2 and
Tyk2 remained at basic levels in Jak3)/) mice and was
comparable to wild types (data not shown). Although this
does not exclude the possibility of a certain redundancy on
the protein level, our data indicate that Jak3 does not play a
unique role in LIF mediated photoreceptor neuroprotection.
In summary, we show that the degenerating retina induced
expression of Jak3. LIF was essential and sufﬁcient for Jak3
induction, even in the absence of photoreceptor death.
However, JAK3 was not essential for survival or death of
injured photoreceptors and did not inﬂuence immune-related
responses in the retina. We suggest that LIF not only
activates a neuroprotective signaling pathway through Edn2
and Fgf2 but also induces an additional retinal stress
response of unknown function which involves JAK3.
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ABSTRACT 
 
Hypoxic preconditioning protects photoreceptors from light induced retinal 
degeneration. Hypoxia inducible factors (HIFs) are stabilized in the whole retina of 
preconditioned mice and may regulate expression of potentially protective genes. In a 
cre-lox approach we knocked down the von Hippel Lindau (VHL) protein to stabilize 
HIF1A and HIF2A specifically in rod photoreceptors under normoxic conditions. We 
show that the retinas of rod specific Vhl knockdowns are normal in morphology and 
function and that the stabilized HIFs can activate hypoxia target genes. 36 hours after 
exposure to excessive light levels, Vhl knockdowns show significantly less 
photoreceptor cell death than wild type controls. However this protection is only 
transient, since 10 days after light exposure, photoreceptors of Vhl knockdowns had 
degenerated to a similar extent as in control animals. Therefore, activation of HIF 
transcription factors in rods alone is not sufficient to render the same neuroprotective 
response as observed after hypoxic preconditioning. Interestingly, some hypoxia 
target genes, like erythropoietin (Epo) were not induced in rod specific Vhl 
knockdown mice. Hence, hypoxic preconditioning might induce neuroprotective 
genes in retinal cells other than photoreceptors. Products of these genes might act in a 
paracrine manner to protect photoreceptors from degeneration. 
Analysis of 1-year-old Vhl knockdowns showed that lack of VHL and/or long-term 
stabilization of HIF transcription factors in photoreceptors leads to retinal 
degeneration with time. In conclusion, a short hypoxic exposure may shift cells into a 
protective state, whereas prolonged activation of a hypoxia-like response or a 
prolonged downregulation of VHL function may lead to cell death. 
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INTRODUCTION 
 
Retinitis pigmentosa (RP) is a major cause of severe visual disturbances or 
blindness in humans. It is characterized by progressive loss of photoreceptors. Not 
much is known about the mechanisms of degeneration and how inhibition of cell 
death can be achieved. Different mouse models, induced and inherited, have been 
developed to mimic the cell death occurring during RP. The model of light-induced 
photoreceptor cell death is widely used to analyze immediate changes in gene 
expression during degeneration or to test the efficacy of neuroprotective strategies. 
Hypoxic preconditioning - the exposure of mice to low oxygen concentrations before 
a toxic insult - stabilizes photoreceptors and protects them from light-induced 
degeneration (Grimm et al., 2002). 
In conditions of reduced oxygen availability (hypoxia) cells need to accommodate 
to cope with the imposed stress. Therefore expression of genes for survival, growth or 
metabolism has to be regulated. This regulation is achieved mainly by special 
transcription factors called hypoxia inducible factors (HIFs). HIFs consist of two 
subunits, an α- and a β-subunit. The HIF-β-subunit, also called aryl-hydrocarbon 
receptor nuclear translocator (ARNT), is located in the nucleus and is constitutively 
expressed. In conditions of normal oxygen availability (normoxia) HIF-α-subunits are 
constantly degraded. Hydroxylation of proline residues by prolyl hydroxylases (egl 
nine family, EGLNs) leads to the recognition of the HIF-α subunits by the von 
Hippel-Lindau (VHL) protein complex, which acts as a E3-ubiquitinase targeting 
them to proteasomal degradation (Ohh et al., 2000). VHL forms a multimeric protein 
complex together with Cullin-2, RBX1, and the Elongins B and C (Kibel et al., 1995; 
Iwai et al., 1999; Kamura et al., 1999). Another hydroxylase, the factor inhibiting HIF 
(FIH), hydroxylates HIF-α at an asparagine residue inhibiting the p300 co-activator 
recruitment and transcriptional activity (Mahon et al., 2001). There are 3 isoforms of 
HIF-α known, HIF1A, HIF2A and HIF3A. 
In order to function, PHDs and FIH both depend on oxygen as a substrate 
(Jaakkola et al., 2001; Mahon et al., 2001). Hence, during hypoxia, hydroxylation 
does not occur, HIF-α subunits are not recognized by VHL and thus stabilized, can 
enter the nucleus, bind HIF-β and the co-activator, and carry out transcriptional 
activity. 
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It has been shown that during hypoxic preconditioning HIF1A and HIF2A are 
stabilized and that HIF-target genes are differentially regulated in the retina (Grimm 
et al., 2002; Thiersch et al., 2008; Thiersch et al., 2009). One of these target genes, 
erythropoietin (Epo), has been shown to be induced during hypoxia and recombinant 
EPO is protective if injected before light exposure (Grimm et al., 2002). To test 
whether stabilization of HIF transcription factors in photoreceptors is responsible for 
the neuroprotective effect seen after hypoxic preconditioning, we aimed at the 
stabilization of HIFs during normoxic conditions specifically in rod photoreceptors 
and at the determination whether this stabilization of HIFs renders the same 
neuroprotective effect as hypoxic preconditioning. To achieve normoxic stabilization 
of HIF-α proteins, we generated photoreceptor specific Vhl knockdown mice using 
the Cre-lox system. In the absence of VHL protein, HIF-α subunits are not targeted to 
degradation and may therefore act as transcriptional regulators mimicking the hypoxic 
response (Haase et al., 2001). 
 
 
MATERIALS AND METHODS 
 
Mice and genotyping 
Mice were treated in accordance with the regulations of the Veterinary Authority 
of Zurich and with the statement of ‘The Association for Research in Vision and 
Ophthalmology’ for the use of animals in research. All mice were maintained as 
breeding colonies at the University of Zurich in a 12 h : 12 h light-dark cycle (60 lux). 
129S-Vhlhtm1jae/J-mice (from now on referred to as Vhlflox/flox mice), which have 
loxP sites flanking exon 1 and part of the promoter of the Vhl gene (Haase et al., 
2001)  were purchased from Jackson Laboratory (Bar Harbor, USA). To generate rod 
photoreceptor specific Vhl knockdown mice Vhlflox/flox mice were crossed with mice 
expressing Cre-recombinase under the control of the opsin promoter (LMOPC1, from 
now on called opsin-cre mice), which activates Cre expression in rods starting around 
postnatal day 7. Expression increases up to 6 weeks of age (Le et al., 2006). The 
breeding colonies were kept on the light sensitive Rpe65450Leu background (Seeliger et 
al., 2001). The following primers were used to detect wt and Vhl-flox alleles: forw 
(5’-TGAGTATGGGATAACGGGTTGAAC-3’) and rev (5’-
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AGAACTGACTGACTTCCACTGATGC-3’). The wt allele was identified as a 125-
bp PCR fragment and the Vhl-flox as a 317-bp fragment after electrophoresis through 
a 1.5% agarose gel. Presence of the opsin-cre transgene was tested by PCR using the 
following primer pair: forw (5’-AGGTGTAGAGAAGGCACTTAGC-3’) and rev (5’-
CTAATCGCCATCTTCCAGCAGG-3’). In the presence of the transgene, the 
amplification reaction resulted in the production of a 411 bp fragment. To detect 
excision of floxed sequences in the Vhl gene, genomic DNA was isolated from retinas 
and tested by PCR using the following primers: forw_un-excised (5’-
CTGGTACCCACGAAACTGTC-3’), forw_excised (5’-
CTAGGCACCGAGCTTAGAGGTTTGCG-3’) and rev_both (5’-
CTGACTTCCACTGATGCTTGTCACAG-3’). The excised allele was identified as a 
260 bp and the un-excised allele as a 460 bp fragment.  
 
Lasercapture microdissection 
Mice were sacrificed, eyes enucleated, immediately embedded in tissue freezing 
medium (Leica Microsystems Nussloch GmbH, Nussloch, Germany), and frozen in a 
2-methylbutane bath cooled by liquid nitrogen. Retinal sections (20 µm) were fixed (5 
min acetone), air dried (5 min), and dehydrated (30 sec 100% ethanol, 5 min xylene). 
Microdissection was performed using an Arcturus XT Lasercapture device (Molecular 
devices, Silicon Vally, USA). RNA was isolated using the Arcturus kit for RNA 
isolation (Molecular devices) according to the manufacturer’s directions including a 
DNase treatment to digest residual genomic DNA. Equal amounts of RNA were used 
for reverse transcription using oligo(dT) and M-MLV reverse transcriptase (Promega, 
Madison, WI, USA). 
 
Semi-quantitative real time PCR 
Retinas were removed through a slit in the cornea and immediately frozen in liquid 
nitrogen. Total RNA was prepared using the RNeasy RNA isolation kit (Qiagen, 
Hilden, Germany) according to the manufacture’s directions including a DNase 
treatment to digest residual genomic DNA. Equal amounts of RNA were used for 
reverse transcription using oligo(dT) and M-MLV reverse transcriptase (Promega). 
Relative quantification of cDNA was carried out by real-time PCR using the 
LightCycler 480 Sybr Green I Master kit, a LightCycler 480 instrument (Roche 
Diagnostics, Basel, Switzerland) and specific primer pairs (Table 1). Expression was 
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normalized to β-actin and relative quantification was calculated using the Light 
Cycler 480 software (Roche).  
 
Western blotting  
Retinas were homogenized in 0.1M Tris/HCl (pH8) at 4°C and protein content was 
determined using Bradford reagent. Standard SDS-PAGE and Western blotting were 
performed. For immunodetection, the following antibodies were used: anti-HIF1A 
(#Nb100-479 Novus Biologicals, Cambridge, United Kingdom, 1:1000), anti-HIF2A 
(#Nb100-122, Novus Biologicals, 1:1000), anti-pSTAT3 (#9131 Cell Signaling 
Technology, 1:500) and anti-ACTB (#A5441 Sigma, St. Louis, MO, USA, 1:5000). 
Blots were incubated overnight at 4°C with primary antibodies followed by a 1 hour 
incubation with HRP-conjugated secondary antibodies. Immunoreactivity was 
visualized using the Renaissance-Western blot detection kit (Perkin Elmer Life 
Sciences, Emeryville, CA, USA). 
 
Electroretinographic analysis 
Electroretinograms (ERGs) were recorded according to previously described 
procedures (Seeliger et al., 2001; Tanimoto et al., 2009). The ERG equipment 
consisted of a Ganzfeld bowl, a direct current amplifier, and a PC-based control and 
recording unit (Multiliner Vision; VIASYS Healthcare GmbH, Hoechberg, Germany). 
Mice were dark-adapted overnight and anaesthetized with ketamine (66.7 mg/kg body 
weight) and xylazine (11.7 mg/kg body weight). Pupils were dilated and single flash 
ERG responses were obtained under dark-adapted (scotopic) and light-adapted 
(photopic) conditions. Light adaptation was accomplished with a background 
illumination of 30 candela (cd) per square meter starting 10 minutes before recording. 
Single white-flash stimulus intensity ranged from –4 to 1.5 log cd*s/m2 under 
scotopic and from –2 to 1.5 log cd*s/m2 under photopic conditions, divided into 10 
and 8 steps, respectively. Ten responses were averaged with an inter-stimulus interval 
(ISI) of either 5 seconds (for –4, –3, –2, –1.5, –1, and –0.5 log cd*s/m2) or 17 seconds 
(for 0, 0.5, 1, and 1.5 log  cd*s/m2).  
 
Light exposure, cell death detection and morphology 
Mice were dark-adapted overnight and exposed to white fluorescent light (13’000 
lux) for 1 hour. Pupils of pigmented mice were dilated 1 hour before light exposure 
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with 1% Cyclogyl (Alcon, Cham, Switzerland) and 5% phenylephrine (Ciba vision, 
Niederwangen, Switzerland). 
After light exposure mice were placed in darkness for 24 hours and put back to 
cyclic light thereafter until they were sacrificed. To quantify apoptosis mice were 
sacrificed 36 hours after light exposure. Nucleosomal release was determined using a 
cell death detection (CDD) kit (Roche Diagnostics) according to the manufacture’s 
recommendations. 
For light microscopy, eyes were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer (pH 7.3) at 4°C overnight. For each eye, the superior and the inferior retina 
were prepared, washed in cacodylate buffer, incubated in osmium tetroxide for 1h, 
dehydrated, and embedded in Epon 812. Sections (0.5 µm) were prepared from the 
lower central retina and counterstained with methylene blue.  
 
Rhodopsin measurements 
Mice were dark adapted overnight. Retinas were removed through a slit in the 
cornea under dim red light and placed in 1 ml of distilled H2O for 1 min. After 3 min 
of centrifugation at 15,000 × g, the supernatant was discarded and 700 µl of 1% 
hexadecyltrimethylammonium bromide (Fluka Chemie, Buchs, Switzerland) in H2O 
was added to the pellet. Retinas were mechanically homogenized with a Polytron (20 
s, 3,000 rpm), centrifuged for 3 min at 15,000 × g, and the supernatant was collected. 
The absorption at 500 nm was measured before and after exposure to bright white 
light (20,000 lux for 1 min). The amount of rhodopsin present per retina was 
calculated using the following formula derived from the Lambert-Beer equation: rho 
= vol × c = vol ×Δabs500/(ϵ500 × l × n). rho is the amount of rhodopsin per retina (in 
moles); vol, the volume of the sample (in liters); c, the concentration of rhodopsin per 
retina (in mol/liters); Δabs500 is the difference between absorption before and after 
bleaching measured at 500 nm; ϵ500 is the extinction coefficient of rhodopsin at 500 
nm (4.2 × 104 cm × molar); l is the path length of the cuvette (in cm); and n is the 
number of retinas. 
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RESULTS 
 
Successful knockdown of Vhl in photoreceptors of 10-week-old Vhlflox/flox;opsin-cre 
mice 
Analysis of genomic DNA from retinal tissue showed excision of floxed DNA 
sequences in 10-week-old mice expressing Cre recombinase but not in control mice 
(Fig. 1A). Because excision does only take place in rod photoreceptors (Le et al., 
2006), whole retinal samples contain both the floxed (unexcised; from retinal cells 
without Cre-expression) and the excised allele. Semi-quantitative real time PCR on 
samples obtained by lasercapture microdissection revealed downregulation of Vhl 
expression in the ONL of Vhlflox/flox;opsin-cre mice (CRE+) compared to their wild 
type (Vhlflox/flox, CRE-) littermates (Fig. 1B). The reason for the upregulation of Vhl 
expression in the other cell layers is unclear, but might involve some compensatory 
effects. 
 
Stabilization of HIF-α proteins and increased expression of HIF target genes in 10-
week-old Vhlflox/flox;opsin-cre mice 
Further, we tested whether the downregulation of Vhl in photoreceptors led to a 
stabilization of HIF-α proteins in normoxic conditions. Indeed, increased expression 
and thus stabilization of HIF1A and HIF2A was detected in retinas of 10-week-old 
Vhlflox/flox;opsin-cre mice (CRE+) (Fig. 2A). At 6 weeks of age, such a stabilization 
was not yet observable (data not shown). This might be explained by the slowly 
increasing expression of Cre-recombinase in opsin-cre mice (Le et al., 2006). In 
addition to HIF-α stabilization we saw phosphorylation of STAT3, which is reported 
to be part of the HIF-pathway (Jung et al., 2005). To determine whether the stabilized 
HIFs are transcriptionally active, we analyzed the expression of several hypoxia 
response genes (Thiersch et al., 2008) in 10-week-old Vhlflox/flox;opsin-cre mice (Fig. 
2B). Compared to Vhlflox/flox mice, expression of adrenomedullin (Adm), prolyl 
hydroxylase 2 (Egln1), BCL2/adenovirus E1B 19kDa interacting protein 3 (Bnip3), 
solute carrier family 2 (facilitated glucose transporter) member 1 (Slc2a1, also called 
Glut1) and vascular endothelial growth factor (Vegf) was induced in Vhlflox/flox;opsin-
cre mice approximately to the same level as in hypoxic wild type mice (after 6 hours 
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of hypoxia in 7% oxygen) (Fig. 2B). Regulation of these hypoxia response genes is 
largely attributed to HIF1-regulation activity (Garayoa et al., 2000; Warnecke et al., 
2008; Zhang et al., 2008). Expression of metallothionin 1 (Mt1) and metallothionin 2 
(Mt2) was also upregulated in Vhlflox/flox;opsin-cre mice but to a lower extent as 
compared to hypoxic wild types mice. Expression of erythropoietin (Epo), which is 
reported to be activated by HIF2 (Haase, 2010), was not induced in Vhlflox/flox; opsin-
cre mice. This either means that the stabilized HIF2 is not transcriptionally active or 
that induction of Epo during hypoxia is regulated by cells other than rod 
photoreceptors (see also discussion).  
 
Normal retinal function and morphology up to 17 weeks of age in Vhl knockdown 
mice  
Before using the Vhl knockdown mice for neurodegeneration experiments we 
analyzed their retinas in physiological conditions. ERG measurements were recorded 
in 17-week-old Vhlflox/flox;opsin-cre and Vhlflox/flox littermates (Fig. 3). Scotopic and 
photopic recordings of both genotypes were comparable to those of wild type mice 
(Tanimoto et al., 2009). There was no difference in the b-wave amplitudes of scotopic 
and photopic responses between Vhlflox/flox;opsin-cre and Vhlflox/flox (Fig. 3C,D). 
Furthermore, expression of the photoreceptor markers rod transducin (Gnat1), cone 
transducin (Gnat2), S-antigen (Sag) and rod opsin (Rho) was the same in 10-week-old 
Vhlflox/flox;opsin-cre (gray bars) and Vhlflox/flox mice (white bars) (Fig. 3E). Similarly, 
retinal morphologies of untreated Vhlflox/flox;opsin-cre and Vhlflox/flox control mice were 
comparable (see Fig. 4A). 
 
Reduced photoreceptor cell damage 36 hours after light exposure in Vhl knockdown 
mice 
To test whether stabilization of HIFs in photoreceptors during normoxic conditions 
has a neuroprotective potential similar to the effect seen after hypoxic 
preconditioning, we exposed 10-week-old Vhlflox/flox;opsin-cre mice to excessive light. 
Retinal morphology was analyzed and cell death quantified biochemically 36 hours 
after the exposure (Fig. 4). Morphological sections of light exposed Vhlflox/flox;opsin-
cre mice showed a better preservation of the structure of photoreceptor outer 
segments and fewer pyknotic nuclei than sections of the Vhlflox/flox controls (Fig. 4A). 
Furthermore, although cell death was variable within groups, light exposed 
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Vhlflox/flox;opsin-cre mice showed significantly less cell death compared to their light 
exposed Vhlflox/flox littermates (Fig. 4B). The reason for the variability in cell death 
within the groups is not clear, but might be attributed to the mixed genetic 
background of the animals. To make sure that the protection in Vhlflox/flox;opsin-cre 
mice was not due to the opsin-transgene expression, we also exposed 10-week-old 
opsin-cre mice to light and quantified cell death 36 hours thereafter. The cell death in 
these mice was comparable to Vhlflox/flox mice and significantly higher than in 
Vhlflox/flox;opsin-cre mice. Hence, the expression of the Cre recombinase had no 
influence on the cell death observed after light exposure. 
 
Transient protection in Vhlflox/flox;opsin-cre  
Although we observed a significant rescue in Vhlflox/flox;opsin-cre mice 36 hours 
after light exposure, morphological sections of light exposed Vhlflox/flox;opsin-cre mice 
at 10 days after light exposure revealed that photoreceptors had degenerated to a 
similar extent as in Vhl flox/flox controls (Fig. 5A). Accordingly, both genotypes showed 
a comparable reduction in rhodopsin levels (as a measure for intact photoreceptors) in 
the retina at 10 days post exposure (Fig. 5B). This observation suggests that the 
protection observed early after light exposure (Fig. 4) was only transient. 
We also noted that non-exposed Vhlflox/flox;opsin-cre mice had basal rhodopsin 
levels which were approximately 25% lower than in control mice (Fig. 5C). Again, 
this cannot be attributed to the transgene expression, because opsin-cre mice had 
similar rhodopsin levels as Vhlflox/flox mice and significantly different levels to Vhl 
knockdown mice. Since expression of Gnat1 and of Rho were not significantly 
different in Vhlflox/flox;opsin-cre and Vhl flox/flox mice (Fig. 3E), this result may suggest 
that the rod opsin protein synthesis and/or the formation of bleachable rhodopsin is 
affected in rods lacking VHL. However, the reduced amount of rhodopsin in the 
retinas of Vhlflox/flox;opsin-cre mice did obviously not influence the final outcome of 
light-induced degeneration, because 10 days after light exposure the extent of 
photoreceptor-loss was comparable in Vhlflox/flox;opsin-cre and Vhlflox/flox mice (Fig. 
5B). 
 
Long term stabilization of HIFs in photoreceptors leads to degeneration 
ERG measurements on one-year-old Vhlflox/flox;opsin-cre mice revealed a reduction 
of a- and b-wave amplitudes under both scotopic and photopic conditions (Figure 6 
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A-D). The reduction in the a-wave amplitude suggested that photoreceptors might be 
injured or lost. This was confirmed by the morphological analyses of one-year old 
retinas (Fig. 6E). As compared to the ONL of one-year-old Vhlflox/flox control mice, the 
ONL of Vhlflox/flox;opsin-cre mice was severely thinned with only about 4 rows of 
photoreceptor nuclei remaining. In addition, the structure of inner and outer segments 
appeared severely disintegrated. 
 
 
DISCUSSION 
 
Hypoxic preconditioning protects photoreceptors from a subsequent light insult 
(Grimm et al., 2002). The exact mechanism of this neuroprotection is not known. 
Hypoxia inducible factors like HIF1 and HIF2 are activated during hypoxic 
preconditioning in the whole retina (Thiersch et al., 2009) and at least one product of 
their target genes, EPO, has been shown to be protective to photoreceptors (Grimm et 
al., 2002). Here we show that a sustained activation of HIF transcription factors in 
normoxic photoreceptors induced a hypoxia-like response and provided protection 
against light induced cell death. However, this protection was only transient and did 
not reach the level observed after hypoxic preconditioning.  
Knockdown of Vhl strongly stabilized HIF1A and HIF2A and induced 
phosphorylation of STAT3 leading to the activation of target genes (Adm, Egln1, 
Bnip3, Slc2a1 and Vegf), a reaction similar to a short hypoxic exposure of wild type 
mice (Fig. 2). This suggests that expression of these genes can be regulated by HIFs 
and/or pSTAT3 in rod photoreceptors but does not exclude expression of these genes 
in various additional cell types in response to hypoxic exposure. Mt1 and Mt2 showed 
a reduced induction in Vhl knockdowns as compared to hypoxic wild type mice. 
Therefore, hypoxia might induce transcription of Mt1 and Mt2 primarily in other 
retinal cell types and/or might use additional or different transcription factors for their 
regulation. Epo was the only tested gene that was not induced in Vhlflox/flox;opsin-cre 
mice. It is unlikely that artificial activation of HIFs by the Vhl knockdown is not 
sufficient to increase Epo gene expression in normoxia since a pan knockdown of Vhl 
in Vhlflox/flox;α-Cre mice resulted in a strong increase of Epo expression (Lange C, in 
print). Hence, hypoxic expression of Epo may not occur in rods but in other cell types 
in the retina.  
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It was shown earlier that injection of recombinant EPO is protective against light 
damage (Grimm et al., 2002). The fact that Epo was not induced in Vhl knockdown 
mice might thus be part of the explanation for the reduced and only transient 
protection in Vhlflox/flox;opsin-cre mice. Alternatively, long-term stabilization of HIFs 
by the Vhl knockdown might cause a general downregulation of the neuroprotective 
cellular response through negative feedback loops. It has been shown for example that 
prolonged hypoxia downregulates levels of HIF1A and reduces the expression of 
some hypoxic responsive genes (Holmquist-Mengelbier et al., 2006) probably as an 
adaptational mechanism of the cells or tissues. However, hypoxic preconditioning 
also fully protected Vhlflox/flox;opsin-cre mice from light induced degeneration (data 
not shown), indicating that retinal cells of Vhl knockdown mice are still able to react 
to acute hypoxia arguing against a permanent downmodulation of the neuroprotective 
response. 
The Vhl knockdown per se might not only trigger a protective reaction but may 
simultaneously alter the physiology of rods in a way that imposes a cellular stress 
making the photoreceptors more vulnerable. VHL has been shown for example to 
play a role in extracellular matrix assembly (Ohh et al., 1998) and in the regulation of 
transcriptional activity of the tumor suppressor gene p53 (Roe et al., 2006). An 
indication of cellular stress might be the slightly elevated levels of caspase-1 
expression already in young Vhl knockdowns (data not shown). Such an effect of the 
knockdown might antagonize a protective function of stabilized HIF transcription 
factors. Indeed, mouse models of inherited retinal degeneration showed slightly 
enhanced cell death when combined with the Vhlflox/flox;opsin-cre mice (data not 
shown) and long-term lack of VHL induced photoreceptor degeneration in aged mice. 
Hence, only a short hypoxic period may be tolerated by the retina and, in fact be 
protective. Long-term hypoxia (Neubauer, 2001) or a long-term hypoxia-like response 
(this work) may lead to cell death.  
Interestingly, Vhlflox/flox;opsin-cre mice had reduced levels of rhodopsin. However, 
this may not account for the only transient protection of photoreceptors after light 
damage. Firstly, it is the rate of rhodopsin regeneration rather than the amount of dark 
adapted rhodopsin which determines light damage susceptibility (Seeliger et al., 
2001). Secondly, an influence on light damage susceptibility would affect the amount 
of cell death and might not cause a delay in the progression of degeneration. The 
reason for the reduced amount of rhodopsin in retinas of Vhl knockdowns remains 
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unclear. It cannot be accounted for by a reduced number of photoreceptor cells 
because expression of rod and cone markers, retinal function (ERG) and morphology 
were normal in 10-week-old Vhlflox/flox;opsin-cre mice (Figs. 3 and 4A). Although 
VHL was shown to be involved in the stability of ciliary structures (Thoma et al., 
2007), we did not detect mislocalization of rod opsin in the retinas of Vhlflox/flox;opsin-
cre mice (data not shown) as might be expected if the connecting cilium of 
photoreceptors and therefore opsin transport to the outer segments would have been 
affected by the knockdown.  
In summary, we showed that a photoreceptor specific Vhl knockdown induced a 
hypoxia-like response which protected photoreceptors against light induced cell death 
in 10-week-old mice. However, protection was only transient and did not reach the 
level detected after hypoxic preconditioning. This argues that the full and sustained 
protection of photoreceptors after hypoxic exposure requires regulation of factors in 
addition to the ones observed here, and/or that hypoxia-mediated protection of 
photoreceptors is mainly controlled by other retinal cells in a paracrine fashion. 
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FIGURE LEGENDS 
 
Figure 1: Vhl was successfully knocked down in photoreceptors of 10-week-old 
Vhlflox/flox;opsin-cre mice. 
(A) PCR amplification of genomic DNA isolated from retinal tissue from 10-week-
old Vhlflox/flox (CRE -) and Vhlflox/flox;opsin-cre (CRE +) mice. The un-excised allele 
(floxed) has a length of 460 bp in both Vhlflox/flox and Vhlflox/flox;opsin-cre mice. The 
excised allele (excised) was identified as a 260 bp band in Vhlflox/flox;opsin-cre mice. 
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(B) Semi-quantitative real time PCR after lasercapture microdissection showing Vhl 
expression in the different retinal layers (as indicated) of Vhlflox/flox (CRE -) and 
Vhlflox/flox;opsin-cre (CRE +) mice. ONL: outer nuclear layer, INL: inner nuclear layer, 
GCL: ganglion cell layer. Given are mean values ± SD of 3 samples amplified in 
duplicates. Values were normalized to β-actin and expressed relatively to the 
respective value of Vhlflox/flox mice, which was set to 1. 
 
Figure 2: HIF1A is stabilized and target genes are activated in 10-week-old 
Vhlflox/flox;opsin-cre mice. 
(A) Western blots showing protein expression of HIF1A, HIF2A and phosphorylated 
STAT3 (p-STAT3) in 10-week-old Vhlflox/flox (CRE -) and Vhlflox/flox;opsin-cre (CRE +) 
mice. ACTB served as a control for equal loading. (B) Semi-quantitative real time 
PCR for hypoxia response genes (as indicated) amplified from retinas of 10-week-old 
Vhlflox/flox, Vhlflox/flox;opsin-cre and hypoxic wild type mice. Given are mean values ± 
SD of 4 retinas amplified in duplicates. Values were normalized to β-actin and 
expressed relatively to the values of normoxic wild type controls (not shown). For 
comparison, the value of Vhlflox/flox was artificially set to 1 and values of Vhlflox/flox; 
opsin-cre were represented relative to the values of Vhlflox/flox. 
 
Figure 3: Vhl knockdown mice show no abnormalities up to 17 weeks of age. 
(A) Representative scotopic (dark-adapted) and (B) photopic (light-adapted) single 
flash ERGs with increasing light intensities recorded from 17-week-old Vhlflox/flox 
control and Vhlflox/flox;opsin-cre mice as indicated. The vertical line crossing each trace 
shows the time point of the light flash. (C) Scotopic and (D) photopic b-wave 
amplitudes from control (black, n=3) and Vhlflox/flox;opsin-cre mice (red, n=3) as a 
function of the logarithm of the flash intensity. Boxes indicate the 25% and 75% 
quantile range, whiskers indicate the 5% and 95% quantiles, and the asterisks indicate 
the median of the data. (E) Semi-quantitative real-time PCR for photoreceptor-
specific genes (as indicated) in Vhlflox/flox (white bars) and Vhlflox/flox;opsin-cre (gray 
bars). Given are mean values ± SD of 4 retinas amplified in duplicates. Values were 
normalized to β-actin and expressed relatively to the value of Vhlflox/flox mice, which 
was set to 1. 
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Figure 4: Vhl knockdown mice show less photoreceptor cell damage 36 hours after 
light exposure. 
(A) Morphological sections of dark controls (DC) and at 36 hours after light exposure 
(+36h) from Vhlflox/flox and Vhlflox/flox;opsin-cre mice. Shown are representative sections 
of the lower central retina, the most affected region in our light damage setup. 
Examples of pyknotic nuclei are pointed out by arrows. (B) Cell death quantification 
ELISA of dark controls (DC) and at 36 hours after light exposure (+36h) from opsin-
cre, Vhlflox/flox and Vhlflox/flox;opsin-cre mice as indicated. Sown are boxblots 
representing the median, the lower and upper quantil and lower and upper “whiskers”, 
representing the lower and upper 25%-quartil of 7 (DC, Vhlflox/flox), 5 (DC, 
Vhlflox/flox;opsin-cre), 4 (+36h, opsin-cre), 9 (+36h, Vhlflox/flox) and 6 (+36h, 
Vhlflox/flox;opsin-cre) retinas. As comparison, we show a single value of dark control 
opsin-cre mice. Values were calculated in percentage to the value of a positive control 
(provided by the kit), which was set to 100%. *: p<0.05. Significance was calculated 
by an unpaired t test. RPE: retinal pigment epithelium, OS: photoreceptor outer 
segments, IS: photoreceptor inner segments, ONL: outer nuclear layer, INL: inner 
nuclear layer. 
 
Figure 5: Protection in Vhlflox/flox;opsin-cre mice is transient. 
(A) Morphological sections of dark controls (DC) and at 10 days after light exposure 
(+10d) from Vhlflox/flox and Vhlflox/flox;opsin-cre mice. Shown are representative sections 
of the lower central retina, the most affected region in our light damage setup. (B) 
Rhodopsin content of retinas at 10 days after light exposure (LE) from Vhlflox/flox 
(white bars) and Vhlflox/flox;opsin-cre mice (gray bars) expressed relatively to the 
corresponding dark controls (DC), which were set to 100%. (C) Rhodopsin content of 
retinas of dark adapted opsin-cre, Vhlflox/flox and Vhlflox/flox;opsin-cre mice, as indicated. 
Values are expressed relatively to the values of Vhlflox/flox mice, which were set to 1. 
Sown are mean values ± SD of 6 retinas. **: p<0.01. Significance was calculated by 
an unpaired t test. RPE: retinal pigment epithelium, OS: photoreceptor outer 
segments, IS: photoreceptor inner segments, ONL: outer nuclear layer, INL: inner 
nuclear layer. 
 
Figure 6: Long term stabilization of HIFs in photoreceptors leads to degeneration. 
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(A) Representative scotopic (dark-adapted) and (B) photopic (light-adapted) single 
flash ERGs with increasing light intensities recorded from one-year-old Vhlflox/flox 
control and Vhlflox/flox;opsin-cre mice as indicated. The vertical line crossing each trace 
shows the timing of the light flash. (C) Scotopic and (D) photopic b-wave amplitudes 
from control (black, n=3) and Vhlflox/flox;opsin-cre mice (red, n=3) as a function of the 
logarithm of the flash intensity. Boxes indicate the 25% and 75% quantile range, 
whiskers indicate the 5% and 95% quantiles, and the asterisks indicate the median of 
the data. (E) Representative morphological sections from the lower central retina of 
one-year-old Vhlflox/flox and Vhlflox/flox;opsin-cre mice. RPE: retinal pigment epithelium, 
OS: photoreceptor outer segments, IS: photoreceptor inner segments, ONL: outer 
nuclear layer, INL: inner nuclear layer. 
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Table 1. Primers used for real-time PCR 
 
Gene Upstream (5’ – 3’) Downstream (5’ – 3’) Annealing  Product 
Adm ttcgcagttccgaaagaagt ggtagctgctggatgcttgta 62°C 77bp 
β-actin cgacatggagaagatctggc caacggctccggcatgtgc 62°C 153bp 
Bnip3 cctgtcgcagttgggttc gaagtgcagttctacccaggag 60°C 93bp 
Egln1 cattgttggcagaaggtgtg caaaggactacagggtctcca 62°C 70bp 
Epo gccctgctagccaattcc gccctgctagccaattcc 60°C 128bp 
Gnat1 gaggatgctgagaaggatgc tgaatgttgagcgtggtcat 58°C 209bp 
Gnat2 gcatcagtgctgaggacaaa ctaggcactcttcgggtgag 58°C 192bp 
Mt1 gaatggaccccaactgctc gcagcagctcttcttgcag 62°C 104bp 
Mt2 tgtacttcctgcaagaaaagctg acttgtcggaagcctctttg 62°C 94bp 
Sag ttacaagccttccaacctctgac accagcacaacaccatctacag 64°C 189bp 
Scl2a1 cagtgtatcctgttgcccttctg gccgaccctcttctttcatctc 62°C 151bp 
Rho cttcacctggatcatggcgtt ttcgttgttgacctcaggcttg 62°C 130bp 
Vegfa acttgtgttgggaggaggatgtc aatgggtttgtcgtgtttctgg 60°C 171bp 
Vhl gagggacccgttccaataat ttggcaaaaataggctgtcc 60°C 364bp 
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Abstract 
 
Loss of vision and blindness in human patients is often caused by the degeneration of 
neuronal cells in the retina. In mouse models, photoreceptors can be protected from 
death by hypoxic preconditioning. Preconditioning in low oxygen stabilizes and 
activates hypoxia inducible transcription factors (HIFs), which play a major role in 
the hypoxic response of tissues including the retina. We show that a tissue-specific 
knockdown of von Hippel Lindau protein (VHL) activated HIF transcription factors 
in normoxic conditions in the retina. Sustained activation of HIF1 and HIF2 was 
accompanied by persisting embryonic vasculatures in the posterior eye and the iris. 
Embryonic vessels persisted into adulthood and led to a severely abnormal mature 
vessel system with vessels penetrating the photoreceptor layer in adult mice. The 
sustained hypoxia-like response also activated the Leukemia inhibitory factor (LIF)-
controlled endogenous molecular cell survival pathway. However, this was not 
sufficient to protect the retina against massive cell death in all retinal layers of adult 
mice. Caspases 1, 3 and 8 were upregulated during the degeneration as were several 
VHL target genes connected to the extracellular matrix. Misregulation of these genes 
may influence retinal structure and may therefore facilitate growth of vessels into the 
photoreceptor layer. Thus, an early and sustained activation of a hypoxia-like 
response in retinal cells leads to abnormal vasculature and severe retinal degeneration 
in the adult mouse retina. 
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Introduction 
 
Retinitis pigmentosa (RP) is a major cause of severe visual impairment or 
blindness in humans. It is characterized by an initial loss of photoreceptors in the 
peripheral retina causing tunnel vision. As photoreceptor degeneration progresses, 
affected patients loose vision also in the center leading to complete blindness. 
Although mechanisms of cell death in RP and other degenerative diseases of the 
retina have been a subject of intense investigations, the exact molecular events 
leading to loss of photoreceptors have not been defined. As a consequence, only little 
is known about possible ways to inhibit cell death by neuroprotective approaches. In 
experimental model systems, preconditioning by hypoxia or light - the pre-exposure 
of mice to low oxygen concentrations or to non-damaging levels of light, respectively 
- protects photoreceptors from light induced degeneration (Grimm et al., 2002; 
Grimm et al., 2006; Chollangi et al., 2009). These systems may thus be valuable tools 
to study and develop neuroprotective measures to delay photoreceptor apoptosis. 
Conditions of low oxygen availability (hypoxia) activate hypoxia inducible 
transcription factors (HIFs), which may regulate potentially protective genes during 
hypoxic preconditioning. HIFs are heterodimeric factors consisting of an α- and a β-
subunit. Three isoforms of the α-subunit, HIF1A, HIF2A and HIF3A, and one form 
of the β-subunit, called aryl-hydrocarbon receptor nuclear translocator (ARNT), are 
known. ARNT is constitutively expressed and located in the nucleus. In conditions of 
normal oxygen availability (normoxia) HIF-α subunits are constantly degraded 
through the proteasomal pathway. Prolyl hydroxylases (PHDs or EGLNs) hydroxylate 
HIF-α subunits turning them into a binding substrate for the von Hippel-Lindau 
(VHL) protein complex that includes VHL, Cullin-2, Rbx1, the Elongins B and C and 
an E3-ubiquitinase (Kibel et al., 1995; Iwai et al., 1999; Kamura et al., 1999). 
Subsequent ubiquitination targets the HIF-α subunits to proteasomal degradation 
(Huang et al., 1998; Ivan et al., 2001). The function of PHDs depends on oxygen as a 
substrate. Hence, during hypoxia, hydroxylation does not occur and the VHL complex 
cannot bind to HIF-α. HIF-α is stabilized, enters the nucleus, binds ARNT and p300 
as a transcriptional co-activator, and participates in the regulation of gene expression. 
It has been shown that hypoxic exposure of mice stabilizes and activates HIF1A 
and HIF2A in the retina (Grimm et al., 2002; Thiersch et al., 2009). However, it is 
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unknown whether activation of HIF transcription factors is sufficient to protect 
photoreceptors from light induced degeneration as observed after hypoxic 
preconditioning. Inactivation of VHL prevents degradation of HIF-α subunits and 
leads to constitutively active HIFs even in normoxia (Haase et al., 2001). Long-term 
stabilization of HIF transcription factors during normoxia in the retina might provide 
information about the contribution of HIF to neuroprotection by hypoxic 
preconditioning. However, overactivation of HIFs may lead to excessive blood vessel 
growth, a phenomenon particularly important in tumor biology (Senger et al., 1983). 
In addition, a recent report shows that untimely activation of HIFs during retinal 
development causes a severely disturbed retinal vasculature (Kurihara et al.).  
To activate HIFs in normoxia, we generated a Vhl knockdown mouse using the 
Cre-lox system with Cre-recombinase being expressed under the control of the α-
element of the Pax6-promotor. This promoter is active as early as E10.5 and leads to 
the deletion of floxed sequences in the distal retina and in the iris, but not in the lens 
or the retinal pigment epithelium (Marquardt et al., 2001). In accordance with a recent 
report, we show that development of the retinal vasculature is severely disturbed early 
during development in the vhl knockdown mouse (Kurihara et al.). In addition we 
show that embryonic vasculature persists into adulthood and that the vhl knockdown 
also results in severe cell death in the ageing retina with an increase of Casp-8 and 
Casp-1 expression and induction of HIF-independent stress response pathways.  
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Materials and Methods 
 
Mice and genotyping 
Mice were treated in accordance with the regulations of the Veterinary Authority 
of Zurich and with the statement of ‘The Association for Research in Vision and 
Ophthalmology’ for the use of animals in research. 129S-Vhlhtm1jae/J-mice (from now 
on referred to as vhlflox/flox mice), which have loxP sites flanking exon 1 and part of the 
promoter of the Vhl gene (Haase et al., 2001) were purchased from Jackson 
Laboratory (Bar Harbor, USA). To generate retina specific Vhl knockdown mice, 
vhlflox/flox mice were crossed with mice expressing Cre-recombinase under the control 
of the α-element of the Pax6-promotor (α-Cre), which leads to the deletion of floxed 
sequences in the distal retina and in the iris (Marquardt et al., 2001). Breeding pairs 
were established to generate vhlflox/flox;α-cre and vhlflox/flox control littermates. The 
following primers were used to detect wild type (wt) and Vhl-flox alleles: forw (5’-
TGAGTATGGGATAACGGGTTGAAC-3’) and rev (5’-AGAACTGACTGACTTC 
CACTGATGC-3’). The wt allele was identified as a 125 bp and the Vhl-flox allele as 
a 317 bp long fragment on a 1.5% agarose gel. Presence of the α-Cre transgene was 
tested by PCR using the following primer pair: forw (5’-AGGTGTAGAGAAGG 
CACTTAGC-3’) and rev (5’-CTAATCGCCATCTTCCAGCAGG-3’). Amplification 
resulted in a 411 bp fragment. 
To detect excision of floxed sequences in the Vhl gene, genomic DNA from retina 
was isolated and tested by PCR using the following primers: forw_un-excised (5’-
CTGGTACCCACGAAACTGTC-3’), forw_excised (5’-CTAGGCACCGAGCTTAG 
AGGTTTGCG-3’) and rev_both (5’-CTGACTTCCACTGATGCTTGTCACAG-3’). 
The excised allele was identified as a 260 bp and the un-excised allele as a 460 bp 
fragment.  
 
RNA, DNA and protein preparation 
Retinas were removed through a slit in the cornea and immediately frozen in liquid 
nitrogen. Total RNA was prepared using the RNeasy RNA isolation kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s directions including a DNase 
treatment to digest residual genomic DNA. Equal amounts of RNA were used for 
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reverse transcription using oligo(dT) primer and M-MLV reverse transcriptase 
(Promega, Madison, WI, USA). 
For retinal genomic DNA isolation 10 µl of the homogenate prepared for RNA 
isolation (RNeasy RNA isolation; see above) were processed with the QIAamp DNA 
Blood Mini Kit (Qiagen) according to the manufacturer’s directions but without 
proteinase K treatment and heating.  
For protein isolation retinas were homogenized by sonication in 100 mM Tris/HCl, 
pH 8.0, and analyzed for protein content using Bradford reagent. 4x Laemmli buffer 
was added and samples were heated for 10 min at 75°C before loading onto an SDS-
PAGE gel for Western blotting (see below). 
 
Semi-quantitative real time polymerase chain reaction (PCR) 
Relative quantification of cDNA was done by semi-quantitative real time PCR 
using the LightCycler 480 SybrGreen I Master kit, a LightCycler 480 instrument 
(Roche Diagnostics, Basel, Switzerland) and specific primer pairs (Table 1). Three 
animals per time point were analyzed in duplicates and normalized to β-Actin using 
the Light Cycler 480 software (Roche Diagnostics, Basel, Switzerland). Values of 
experimental retinas were expressed relative to the first time point tested, which was 
set to 1. Significance of differences between expression levels at specific time points 
in wild type and knockdown mice was tested using an unpaired student’s t-test. 
 
Western blotting 
Standard SDS-PAGE (10%) and Western blotting of 40 µg of total retinal extracts 
were performed. For immunodetection, the following antibodies were used: anti-
HIF1A (#Nb100-479 Novus Biologicals, Cambridge, United Kingdom, 1:1000), anti-
HIF2A (#Nb100-122, Novus Biologicals, 1:1000), anti-pSTAT3 (#9131 Cell 
Signaling Technology, 1:500), anti-STAT3 (#9132 Cell Signaling Technology, 1: 
1000), anti-GFAP (MAB302 Chemicon/Millipore, Billerica, USA, 1:500), CASP1, 
CASP3, CASP8 (all kindly provided by Peter Vandenabeele, Ghent University, 
Belgium, all 1:10000), CASP9 (#9504, Cell Signaling Technology, 1:500) and anti-
ACTB (#A5441 Sigma, St. Louis, MO, USA, 1:5000). Blots were incubated 
overnight at 4°C with primary antibodies followed by a one hour incubation at room 
temperature (22°C) with HRP-conjugated secondary antibodies. Immunoreactivity 
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was visualized using the Western Lightning Chemiluminescence reagent (Perkin-
Elmer, Boston, MA, USA). 
 
Confocal scanning laser ophthalmoscopy (cSLO) 
cSLOs were obtained according to previously reported procedures (Seeliger et al., 
2005). Briefly, mice were anaesthetized by a subcutaneous injection of ketamine 
(66.7 mg/kg) and xylazine (11.7 mg/kg). Pupils were dilated with tropicamide eye 
drops (Mydriaticum Stulln, Pharma Stulln, Stulln, Germany) in anesthesia. cSLO 
imaging was performed with a Heidelberg Retina Angiograph (HRA I) equipped with 
an argon laser featuring two wavelengths (488 nm and 514 nm) in the short 
wavelength range and two infrared diode lasers (795 nm and 830 nm) in the long 
wavelength range. The 488 nm and 795 nm lasers were used for fluorescein (FL) and 
indocyanine green (ICG) angiography, respectively. FL angiography was performed 
using a subcutaneous injection of 75 mg/kg body weight fluorescein-Na (University 
pharmacy, University of Tuebingen, Germany), and ICG angiograhy following an s.c. 
injection of 50 mg/kg body weight ICG (ICG-Pulsion, Pulsion Medical Systems AG, 
Munich, Germany). 
 
Spectral domain optical coherence tomography (SD-OCT) 
SD-OCT imaging was done in the same session as cSLO, i.e. animals remained 
anaesthetized using identical preparatory steps. Mouse eyes were subjected to SD-
OCT using the commercially available Spectralis™ HRA+SD-OCT device 
(Heidelberg Engineering, Heidelberg, Germany) featuring a broadband 
superluminescent diode at λ = 870 nm as low coherent light source. Each two-
dimensional B-Scan recorded at 30° field of view consists of 1536 A-Scans, which 
are acquired at a speed of 40,000 scans per second. Optical depth resolution is around 
7 µm with digital resolution reaching 3.5 µm (Huber et al., 2009). The optical 
adjustments to permit the use in mice were described previously (Fischer et al., 2009). 
Imaging was performed using the proprietary software package Eye Explorer version 
3.2.1.0. The combination of scanning laser retinal imaging and SD-OCT allows for 
real-time tracking of eye movements and real-time averaging of SD-OCT scans, 
reducing speckle noise in the SD-OCT images considerably (Huber et al., 2009). 
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Retinal flat mounts and immunofluorescence 
Eyes were collected and fixed for 3-5 minutes in 2% (w/v) paraformaldehyde 
(PFA) in PBS. The sclera was dissected from the eyes in PBS and lens, iris and 
vitreous were removed. The retina was flattened and stored in methanol at -20°C. 
Before use, the retina was post-fixed in 4% (w/v) PFA in PBS for 10 minutes. For 
immunofluorescence, the flat-mounted retina was washed in PBS and incubated in 
blocking buffer (1% fetal bovine serum, 0.1% Triton X-100 in PBS) for 1 hour at 
room temperature (22°C). Flat mounts were incubated with Alexa594-coupled 
isolectin-A4 (#I21413, Invitrogen, Basel, Switzerland, 1:50) at 4°C overnight, washed 
and mounted in MOWIOL anti-fade medium (10% Mowiol 4-88 (w/v) (Calbiochem, 
San Diego, CA, USA), in 100 mM Tris, pH 8.5, 25% glycerol (w/v) and 0.1% 1,4-
diazabicyclo [2.2.2] octane (DABCO)), Calbiochem, San Diego, CA, USA). Signals 
on sections were analyzed with a digitalized Axiovision microscope (Carl Zeiss AG, 
Feldbach, Switzerland). 
 
Retinal sections and immunofluorescence 
After enucleation, eyes were fixed for 2 h in 4% PFA (w/v) at 4°C before cornea 
and lens were removed. The remaining ocular tissue was post-fixed for an additional 
2 hours in 4% PFA at 4°C, followed by cryoprotection in 30% sucrose in PBS, pH 
7.4, at 4°C over night. Eyecups were embedded in tissue freezing medium (Leica 
Microsystems Nussloch GmbH, Nussloch, Germany) and frozen in a 2-methylbutane 
bath cooled by liquid nitrogen. Retinal sections (12 µm) were cut and blocked in 3% 
normal goat serum, 0.3% Triton X-100 in 0.1 M PBS (pH 7.4) for 1 hour at room 
temperature. Sections were incubated in blocking solution at 4°C over night with one 
of the following primary antibodies: anti-IBA1 (#019-19741, Wako, Richmond, USA, 
1:1000), isolectin-A4 (# L1509; Sigma, St. Louis, MO, USA, 1:50, coupled to FITC), 
anti-rod opsin (kindly provided by David Hicks, 1:100) and anti-swl-cone opsin (#sc-
14363, Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:500). After 3 washes with 
PBS, slides were incubated with the appropriate secondary antibody coupled to Cy3 
for 1 hour at room temperature, counterstained with DAPI and mounted with 
MOWIOL anti-fade medium (10% Mowiol 4-88 (w/v)). Signals on sections were 
analyzed with a digitalized Axiovision microscope (Carl Zeiss AG, Feldbach, 
Switzerland). 
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Morphology 
For light microscopy, eyes were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer (pH 7.3) at 4°C overnight. For each eye, the superior and the inferior retina 
were prepared, washed in cacodylate buffer, incubated in osmium tetroxide for 1h, 
dehydrated, and embedded in Epon 812. Sections (0.5 µm) were prepared from the 
lower central retina and counterstained with methylene blue.  
 
Electroretinographic analysis 
Electroretinograms (ERGs) were recorded according to previously described 
procedures (Seeliger et al., 2001; Tanimoto et al., 2009). The ERG equipment 
consisted of a Ganzfeld bowl, a direct current amplifier, and a PC-based control and 
recording unit (Multiliner Vision; VIASYS Healthcare GmbH, Hoechberg, Germany). 
Mice were dark-adapted overnight and anaesthetized with ketamine (66.7 mg/kg body 
weight) and xylazine (11.7 mg/kg body weight). Pupils were dilated and single flash 
ERG responses were obtained under dark-adapted (scotopic) and light-adapted 
(photopic) conditions. Light adaptation was accomplished with a background 
illumination of 30 candela (cd) per square meter starting 10 minutes before recording. 
Single white-flash stimulus intensity ranged from –4 to 1.5 log cd*s/m2 under 
scotopic and from –2 to 1.5 log cd*s/m2 under photopic conditions, divided into 10 
and 8 steps, respectively. Ten responses were averaged with an inter-stimulus interval 
(ISI) of either 5 seconds (for –4, –3, –2, –1.5, –1, and –0.5 log cd*s/m2) or 17 seconds 
(for 0, 0.5, 1, and 1.5 log  cd*s/m2).  
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Results 
 
Tissue specific knockdown of Vhl leads to HIFα stabilization in the retina. 
Analysis of genomic DNA from retinal tissue showed that excision of floxed DNA 
sequences was obvious in mice expressing Cre recombinase but not in control mice 
(Fig. 1A). Accordingly, expression of Vhl was significantly reduced in retinas of 
vhlflox/flox;α-cre mice as compared to vhlflox/flox littermates. Strongest reduction was 
observed at 28 days of age (P=0.0044, Fig. 1B). Surprisingly, expression of Hif1a, 
but not of Hif2a (Epas1) was also affected by the Vhl knockdown. Hif1a was 
significantly down-regulated up to 1.7 fold (at 28 d, P=0.0094) in vhlflox/flox;α-cre mice 
until 42 days of age (Fig. 1B). In contrast, expression of the prolyl hydroxylases Phd2 
(Egln1) and especially of Phd3 (Egln3) was significantly and strongly induced in the 
Vhl knockdown retinas at early timepoints (Egln1) or throughout the analyzed period 
(Egln3). Expression of Phd1 (Egln2) was not affected by the knockdown. Since VHL 
controls levels of HIF-α transcription factors by regulating protein stability, we tested 
levels of HIF1A and HIF2A (EPAS1) in retinas of 10 and 28 days old knockdown 
mice and wild type littermates. Retinal HIF1A levels are high after birth and decrease 
with the development of the retinal vasculature (Grimm et al., 2005). In knockdown 
mice, HIF1A and HIF2A levels were increased at both ages tested (Fig. 1C). Levels 
of HIF1A decreased with time in retinas of both control and knockdown mice (cross-
compare 10d and 28d). Whereas this was expected for wild type retinas (Grimm et al., 
2005), the reduction in HIF1A stability in adult Vhl knockdowns probably reflects the 
restricted loss of VHL activity in the peripheral but not central retina (see below). 
Thus, in the adult knockdown mice HIF1A is only stabilized in the retinal periphery, 
in contrast to retinas at 10 days of age where normal development additionally 
stabilizes HIF1A also in the central retina.  
 
Abnormal vasculature in retina and iris of Vhl knockdown mice 
The retinal vasculature of vhlflox/flox;α-cre mice was assessed with confocal 
scanning laser ophthalmoscopy (cSLO) in conjunction with fluorescein (FL) and 
indocyanine green (ICG), which are clinically established dyes to visualize the retinal 
and choroidal circulation, respectively. ICG angiography depicts both retinal and 
choroidal structures, whereas FL angiography imaging yields particularly detailed 
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information about retinal capillaries, but not choroidal vessels (Seeliger et al., 2005). 
We found no indications that either the retinal or the choroidal vascular system of 
vhlflox/flox mice at the age of 10 weeks was abnormal; they were rather comparable to 
that of wild-type strains like C57BL/6 (Seeliger et al., 2005). However, in vhlflox/flox;α-
cre mice,  abnormal retinal vessels and persistent remnants of the developmental 
hyaloidal vascular system (Ito and Yoshioka, 1999) were found (Fig. 2A), while 
choroidal structures appeared unaltered. Retinal vessel density was particularly 
reduced in the peripheral retina, probably because topographical differences in Cre 
activity translated into differences in the excision efficiency of floxed sequences 
(Kurihara et al., ; Marquardt et al., 2001). Persistent hyaloidal vessels originating 
from the optic disc were still present in the vitreous just above the retinal surface at 10 
weeks of age. These vessels were functional as they filled with dye in angiography. 
SD-OCT imaging confirmed the optic disc area as the region of origin of these 
persisting hyaloidal vessels in vhlflox/flox;α-cre mice (Fig. 2B). These results extend 
observations made by Kurihara et al., who reported persistent hyaloidal vessels only 
up to postnatal day 6 in the vhlflox/flox;α-cre mouse (Kurihara et al.). In addition to the 
abnormal retinal and hyaloidal vessels, 10-week-old vhlflox/flox;α-cre mice also had an 
extremely under-developed iris vasculature and a persisting pupillary membrane (Ito 
and Yoshioka, 1999) (Fig. 2A, white arrow).  
Normally, the mature retinal vasculature is fully developed at postnatal day 35 
(Fruttiger, 2002) (Fig. 3A). Retinal flatmounts (stained with isolectin-A4) of vhlflox/flox 
mice showed normal vascular architecture (Fig. 3A upper panels). However, the 
vasculature of vhlflox/flox;α-cre mice at 35 days of age was severely under-developed 
with a strongly reduced density of the capillary network in the retinal periphery. 
Immunofluorescence stainings of retinal cryosections from vhlflox/flox;α-cre mice 
revealed that the capillaries in the deep plexi did not or not completely develop (Fig. 
3B, isolectin-A4 staining in green, and data not shown). Instead some retinal vessels 
in the periphery grew into the outer nuclear layer (ONL; Fig. 3B, arrow). These 
vessels originated from the retinal vasculature because we did not detect any 
sprouting vessels in the choroid or vessels penetrating the RPE layer (Fig. 3B and data 
not shown). This angiogenic vessel-growth activated resident microglia. In wild type 
controls, microglia are located mostly to the GCL and IPL (Fig. 3B, IBA1 staining in 
red). In the Vhl knockdown mice, however, many microglia were found in the OPL 
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and along ingrown vessels. Some microglia were even located in the layer of the 
photoreceptor segments (Fig. 3B, arrowheads). In the central retina, the vasculature of 
vhlflox/flox;α-cre mice was comparable to controls (Fig. 3A and data not shown). 
The abnormal development of the retinal vasculature may have partly been caused 
by the increased and sustained expression of the pro-angiogenic genes Vegfa and Epo 
(Fig. 3C). Both genes are known to be strongly regulated by HIF transcription factors, 
which were stabilized in the Vhl knockdown retinas (see above). Serpinf1 encodes 
pigment epithelium derived factor (PEDF), a neuroprotective and anti-angiogenic 
protein (Barnstable and Tombran-Tink, 2004). Its increased expression (Fig. 3C) may 
suggest that the retinal response to the disturbed vascular development involves 
activation of endogenous protective systems (see also below). Other HIF-inducible 
and angiogenesis-related genes (Tie1, Tie2 (Tek) and Fzd4), however, were not or 
only slightly induced in vhlflox/flox;α-cre compared to vhlflox/flox mice. 
These data show, that lack of functional VHL during development and in the 
mature retina leads to an upregulation of several angiogenic factors, the persistence of 
the embryonic ocular vasculature (hyaloidal vessels, pupillary membrane) deep into 
adulthood and to a disturbed and severely under-developed vessel system in the 
mature retina and iris. 
 
Degeneration of photoreceptors in vhlflox/flox;α-cre mice 
Ongoing angiogenesis and growth of vessels into the ONL may affect retinal 
morphology and function, as well as cell physiology and survival. Retinal sections 
from 2-week-old (Fig. 4A, B) and 10-week-old (Fig. 4C, D) mice were prepared and 
analyzed by light microscopy. The peripheral retina of 2-week-old vhlflox/flox;α-cre 
mice showed structural abnormalities especially in the ONL. Photoreceptor nuclei 
were not aligned properly affecting also the layering of the cells in the INL (Fig. 4B 
upper right panel). In 10-week-old vhlflox/flox;α-cre mice parts of the peripheral retina 
had completely degenerated and cells of the ONL, the INL and the GCL had been lost 
(Fig. 4D upper right pannel). Degeneration in the retinal periphery of 10-week-old 
vhlflox/flox;α-cre mice was not always as severe as shown here but was very pronounced 
in all animals analyzed. The central retina of 2-week-old Vhl knockdowns was 
comparable to controls, although one or two rows of photoreceptor nuclei were 
missing (Fig. 4B lower panels). In the central retina of 10-week-old vhlflox/flox;α-cre 
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mice, however, at least three rows of photoreceptor nuclei were missing and outer and 
inner segments seemed to be shortened compared to vhlflox/flox controls (Fig. 4D lower 
panels). 
Immunofluorescence analysis of sections prepared from less severely damaged 
regions in the peripheral ventral retina of 10-week-old animals showed reduced 
expression of rod opsin and S-cone opsin in knockdown retinas (Fig. 5A). S-cone 
opsin positive cells were especially sparse, even in the ventral retina, the region of 
highest S-cone density in mice (Applebury et al., 2000). If all retinal cells were 
similarly affected by the degeneration, one might expect that expression levels of 
markers for specific cell types would remain roughly constant when normalized to β-
Actin. This was indeed observed for expression of Chx10, a marker for bipolar cells 
and for Opn4, a marker for ganglion cells (data not shown). However, levels of short 
wave length cone opsin (Opn1sw), middle wavelength cone opsin (Opn1mw), rod 
opsin (Rho), rod transducin (Gnat1) and cone transducin (Gnat2) were significantly 
reduced in vhlflox/flox;α-cre mice compared to vhlflox/flox littermates (Fig. 5B). This 
suggests that rod and cone photoreceptors are the most strongly affected cell types by 
the degeneration and that they may be lost even outside of the severely degenerated 
peripheral retina (as it is also suggested by the morphology of the central retina, Fig. 
4D). Thus, these cells seem to be more sensitive to the abnormal retinal vasculature 
than cells of the other layers and retinal function may thus be strongly affected. 
 
Reduction of retinal function in vhlflox/flox;α-cre mice 
To investigate functional properties of vhlflox/flox;α-cre mice, flash ERGs were 
recorded from 10-week-old vhlflox/flox;α-cre and control vhlflox/flox mice under scotopic 
and photopic conditions (Fig. 6). Vhlflox/flox;α-cre mice showed strongly reduced 
scotopic (Fig. 6A, C) and photopic ERG (Fig. 6B, D) responses, indicating alterations 
of both rod and cone system components. As the initial portion of the a-wave reflects 
the primary light response in photoreceptors, the attenuation of the a-wave up to the 
highest intensity observed in vhlflox/flox;α-cre mice indicates strong photoreceptor 
dysfunction/degeneration. The b-wave and the oscillatory potentials, generated by 
downstream retinal circuitry, were also strongly reduced, but this is presumably 
mainly a consequence of the primary effect on photoreceptors. Rod and cone 
signaling were about equally affected.  
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Stress-activated signaling and cell death pathways in vhlflox/flox;α-cre mice 
Degeneration of photoreceptors was shown to activate the JAK/STAT signaling 
pathway (Samardzija et al., 2006a; Joly et al., 2008; Ueki et al., 2008; Burgi et al., 
2009), an endogenous survival system, which is mainly controlled by LIF expression 
in a subset of Muller glia cells (Joly et al., 2008). So far, however, regulation of this 
signaling system was only tested in conditions of pure photoreceptor injury. We 
therefore asked, whether the broader retinal degeneration in the Vhl knockdown mice 
would trigger the same molecular response. Semi-quantitative real time PCR analysis 
showed that expression of Lif, Gfap, Edn2 and Fgf2 was strongly induced starting 
around 10 days of age in vhlflox/flox;α-cre mice. Expression remained high during the 
degenerative phase and lasted at least until 10 weeks of age (Fig. 7A). In addition, 
STAT3 was phosphorylated in vhlflox/flox;α-cre but not vhlflox/flox control mice (Fig. 7B). 
This suggests that the same, LIF-dependent signaling system was activated as in 
models of pure photoreceptor degeneration leading to the hypothesis that the LIF-
system may be activated in response to most retinal injuries in a general attempt to 
protect neurons from degeneration. Cntf, another endogenous survival factor was also 
induced in the Vhl knockdown retina. In conditions of pure photoreceptor injury, 
expression of Cntf was not (Joly et al., 2008) or only slightly activated late during the 
degeneration (Samardzija et al., 2006a). CNTF may thus be a factor, which mainly 
responds to cellular damage in the INL and/or GCL. 
Several pro-apoptotic genes can be regulated in a VHL-dependent manner not 
involving HIF transcription factors. Among those, expression of Kruppel-like 
transcription factor 10 (Klf10), transforming growth factor β induced (Tgfbi) and 
fibronectin 1 (Fn1) was significantly upregulated in vhlflox/flox;α-cre mice (Fig. 8A). In 
contrast, hepatocyte growth factor (Hgf), a VHL-controled gene related to cancer 
(Peruzzi et al., 2006) was expressed similarly in vhlflox/flox;α-cre mice and vhlflox/flox 
littermates (data not shown). 
Apoptotic cell death is frequently executed through caspase activation. Two 
general pathways are distinguished. Procaspase-8 is activated through the cell surface 
death receptor pathway whereas activation of procaspase-9 is the first step in the 
mitochondrial pathway (Budihardjo et al., 1999). Caspase-3 is the main executor 
caspase of many apoptotic processes and also suspected to be involved in 
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programmed cell death during postnatal development of the mouse retina (Zeiss et al., 
2004; O'Driscoll et al., 2006). In the vhlflox/flox;α-cre mouse, expression of caspase-1 
(Casp1) and of caspase-8 (Casp8) was significantly upregulated whereas expression 
of caspase-3 (Casp3) and of caspase-9 (Casp9) was similar to control animals (Fig. 
8A). Although expression of tumor necrosis factor α (Tnf), which can induce Casp8 
upon binding to death receptors (Guicciardi and Gores, 2009), showed a strong 
variation between animals, the pattern of expression nevertheless suggested increased 
levels of Tnf in knockdown animals. Western blots detecting the proforms of 
Caspases 1, 3, 8 and 9 indicated increased protein levels of CASP1 and CASP3 in 28 
day-old knockdown retinas when compared to the wild type littermates (Fig. 8B). 
Protein levels of CASP8 were not or only slightly elevated in the knockdown and 
levels of CASP9 were similar in controls and knockdowns. We did not detect 
activated (cleaved) forms of the caspases in our blots. The reason why protein levels 
not always paralleled RNA expression profiles is unclear but may be explained by 
potential differences in RNA and/or protein stability in young and mature mouse 
retinas. 
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Discussion: 
 
Hypoxic preconditioning stabilizes HIF transcription factors in the retina of the 
adult mouse and protects photoreceptors against a subsequent toxic light insult 
(Grimm et al., 2002). Inactivation of VHL in the peripheral retina by the Cre mediated 
deletion of floxed Vhl gene sequences led to a normoxic and long-lasting activation of 
HIF1A and HIF2A during retinal development ((Kurihara et al.); Fig. 1). As a 
consequence, several pro-angiogenic genes like Vegfa and Epo but also anti-
angiogenic factors like Pedf (Serpinf1) were upregulated. This misregulated gene 
expression may have led to the severe abnormalities of the retinal vasculature with 
persisting hyaloidal vessels ((Kurihara et al.); Figs 2 and 3), reduced density of the 
capillary network in the peripheral retina and retinal vessels penetrating the 
photoreceptor layer of the adult mouse (Fig. 3). These ingrown vessels severely 
disturbed the architecture of the inner and outer nuclear layer and were accompanied 
by increased numbers of activated microglia, which may migrate along these vessels 
towards the outer retina (Fig. 3B). Since Vhl is also inactivated in iris tissue, iris 
vasculature was also heavily affected and almost absent in adult knockdown mice 
(Fig. 2A). Similar to the hyaloidal vessels in the vitreous, the pupillary membrane, 
which is the embryonic system for nutrient supply to the lens, also persisted. These 
data support results of a recent publication by Kurihara et al. (Kurihara et al.), which 
showed in the same Vhl knockdown mouse as used here that proper expression of 
VHL is required for the transition from fetal to adult vasculature in the eye.  
 
Retinal degeneration 
Here, we focused on the consequences of Vhl knockdown for the retina of the adult 
mouse. Our data indicate that the lack of VHL not only induced a strong vascular 
phenotype but also a progressive and severe degeneration of neuronal cells in all 
peripheral retinal cell layers (Fig. 4). This degeneration might be a direct consequence 
of the Vhl knockdown or, alternatively, might be secondary to the loss of normal 
retinal vasculature and to the resulting disturbed oxygenation of neuronal cells. In 
addition, the activation of inflammatory responses – like the microglia activation – 
might also contribute to the cell death. Since inactivation of VHL in adult rod-
photoreceptors did not disturb development of retinal vasculature and only resulted in 
a late onset and very slow photoreceptor degeneration (Lange C, manuscript in 
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preparation), loss of VHL activity may not, or at least not strongly affect viability of 
photoreceptor cells directly. We therefore hypothesize that the disturbed 
vasculogenesis during development, in connection with the up-regulation of pro-
apoptotic genes and genes connected to the extracellular matrix might be the main 
factors contributing to the very severe degeneration observed in Vhlflox/flox; α-cre mice. 
S-cones appeared to be especially affected by the degeneration as shown by the 
strongly reduced expression of Opn1sw and the very low abundance of S-cones in the 
ventral retina of 10-week-old knockdown mice. The morphological abnormalities 
were also reflected in the recordings of retinal function. Under all tested conditions, 
the magnitude of responses to light flashes under both scotopic and photopic 
conditions was severely reduced in the knockdowns (Fig. 5). Since the sensitivity was 
roughly regular, it suggests that the reduced retinal function was caused by a severe 
reduction in the number of cells rather than by a primary photoreceptor defect. 
However, the functional loss is larger than one would expect based on histological 
data showing that about 50% of photoreceptors are left (as judged from expression of 
photoreceptor markers and from retinal morphology). Therefore additional 
mechanisms might account for the severely reduced function in Vhl knockdown mice. 
Possible mechanisms include a reduction of tissue oxygenation due to the abnormal 
vasculature in the vhlflox/flox;α-cre mice, which has been shown to reduce functionality 
of retinal cells (Braun and Linsenmeier, 1995). Additionally, it has been shown that 
increased levels of CNTF can negatively influence the ERG in wild type mice 
(Schlichtenbrede et al., 2003). Thus, the elevated expression of Cntf in Vhl 
knockdown mice (Fig. 7) may also contribute to the reduced retinal function.  
 
Mechanisms of degeneration 
Retinal stress imposed by the Vhl knockdown strongly activated a neuroprotective 
response in the retina. In the light-damaged retina as well as during inherited retinal 
degeneration, a subset of Muller glia cells expresses LIF, which controls an 
endogenous neuroprotective signaling system. This signaling pathway includes 
increased expression of End2, Gfap and p-STAT3, and culminates in the production 
of the growth and survival factor FGF2 in an attempt to protect cells from death 
(Samardzija et al., 2006a; Joly et al., 2008; Burgi et al., 2009). The development of an 
abnormal retinal vasculature and the induction of retinal degeneration strongly 
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induced the same protective system in the Vhl knockdown (Fig. 7). However, 
activation of this pathway was obviously not sufficient to protect retinal cells against 
execution of cell death and to maintain visual function. In several models of retinal 
degeneration, caspase-1 was the only caspase associated with the cell death (Doonan 
et al., 2003; Samardzija et al., 2006b). Here, we observed increased expression of 
caspase-8 in addition to caspase-1. This suggests a role for the cell surface death 
receptor pathway in the degenerative process, a hypothesis supported by the increased 
expression of Tnf in the retina of Vhl knockdown mice (Fig. 8A). It has already been 
shown that TNF, produced by glial cells, can be a mediator of cell death in glaucoma 
through activation of the initiator caspase-8 or through direct neurotoxicity for retinal 
cells (Tezel, 2008). And an increase in HIF1 transcriptional activity can enhance 
caspase-8 mediated apoptosis in thymocytes (Biju et al., 2004). Thus, caspase-8 might 
be a relevant factor in the degenerating retina of the Vhl knockdown mouse. Pathways 
of caspase-mediated apoptosis may converge at the level of the effector caspase-3. In 
the retina, however, it is still controversially discussed whether caspase-3 is involved 
in photoreceptor death (Jomary et al., 2001; Doonan et al., 2003). Although gene 
expression of caspase-3 was not, or not strongly different between knockdown and 
control retinas, we detected increased protein expression of pro-caspase-3 in 28-day-
old vhlflox/flox;α-cre mice (Fig. 8B) supporting a potential role of caspase-3 in the 
degeneration observed here. In contrast to the other caspases analyzed, expression of 
capsase-3 was high early during postnatal development and reduced during 
maturation. Protein levels of caspase-3 were also high at 10 days of age and almost 
not detectable at 28 days of age in the wild type retina. This supports the hypothesis 
that caspase 3 is involved in programmed cell death during postnatal development of 
the mouse retina (Zeiss et al., 2004; O'Driscoll et al., 2006). 
In addition to caspase-1 and caspase-8, several other genes known to be regulated 
by VHL and related to cell death were induced in the knockdown retinas. Very strong 
induction of expression was observed for example for Phd3 (Egln3) (Fig. 1). PHD3 
has been connected to apoptosis in neuronal cells (Lee et al., 2005) and tumors 
(Tennant and Gottlieb, ; Schlisio et al., 2008). The transcription factor KLF10 was 
recently shown to be repressed by wild type VHL protein (Ivanov et al., 2008). 
Therefore, increased expression of Klf10 in the Vhl knockdown retina was probably 
due to the absence of the VHL repressor protein. KLF10 was also reported to be a 
transactivator of the Tgfbi promotor. Increased KLF10 levels caused increased 
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expression of Tgfbi, a protein associated with the extracellular matrix. Elevated 
expression of Tgfbi can increase sensitivity of cells to various death inducing agents 
used in chemotherapy (Irigoyen et al., ; Ahmed et al., 2007). It was also shown that 
elevated levels of TGFBI altered the extracellular matrix facilitating extravasation of 
metastatic cancer cells (Ma et al., 2008) and that overexpression of a mutant form of 
TGFBI in the retina caused photoreceptor apoptosis (Bustamante et al., 2008). VHL 
has been shown before to be involved in the regulation of a proper assembly of the 
extracellular fibronectin matrix by binding to FN1 (Ohh et al., 1998; Ohh and Kaelin, 
1999). Together with increased Tgfbi levels, the upregulation of Fn1 expression in 
Vhl knockdown retinas may point to a problem with extracellular matrix assembly in 
the absence of VHL. The presence of HIF independent VHL functions in connection 
to extracellular matrix has already been suggested before (Bishop et al., 2004). 
Inappropriate formation or destabilization of the extracellular matrix may also 
facilitate abnormal development of retinal vasculature with vessels penetrating the 
ONL reaching the photoreceptor segment layer as observed here. 
 
Conclusions 
In summary we have shown that downregulation of VHL during development of 
the retina leads to long-term stabilization of HIF transcription factors and to a strong 
vascular phenotype with embryonic structures persisting into adulthood. In human 
patients, mutations in the tumor suppressor gene Vhl results in the VHL syndrome, an 
autosomal dominant disease that manifests itself by hemangioblastomas in the 
cerebellum, spinal cord and the retina. Tumor development during the disease is 
thought to be mainly due to overactivation of HIF transcription factors and the 
subsequent upregulation of angiogenic and growth related genes. Inactivation of Vhl 
in the mouse retina ((Kurihara et al.) and this work) and zebrafish (van Rooijen et al.) 
led to a severe vascular phenotype and may serve as a model to study retinal 
consequences of VHL syndrome. In addition to the misregulation of vascular 
development, lack of VHL also caused severe degeneration of all cell types in the 
mouse retina. Increased levels of caspases as well as induced expression of genes 
encoding for proteins connected to the regulation of the integrity of the extracellular 
matrix point to a complex pattern of the molecular mechanisms involved in the 
degenerative processes. Although such a severe degenerative phenotype has not been 
reported for patients, the mouse model may be highly useful to investigate the 
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connection between a proper retinal vasculature and the physiology, function and 
survival of the neuronal retina. 
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Figure legends 
 
Fig. 1. Hypoxia-like response in Vhl knockdown retinas. 
(A) PCR amplification of genomic DNA isolated from retinal tissue at indicated 
postnatal days to test Cre-mediated excision of floxed Vhl sequences. The un-excised 
allele (floxed) has a length of 460 bp in both vhlflox/flox and vhlflox/flox;α-cre mice. The 
excised allele (excised) was identified as a 260 bp band in vhlflox/flox;α-cre mice. (B) 
Semi-quantitative real time PCR of Vhl, Hif1a, Hif2a (Epas1), Phd2 (Egln1), Phd1 
(Egln2) and Phd3 (Egln3) in vhlflox/flox (squares) and vhlflox/flox;α-cre (triangles) at 
postnatal days (d) as indicated. Given are mean values ± SD of 3 retinas amplified in 
duplicates. Values were normalized to β-actin and expressed relatively to the first 
time point (5d) in vhlflox/flox mice. (C) Western blot analysis of whole retinal extracts 
from 10 and 28 day old vhlflox/flox;α-cre (CRE+) and vhlflox/flox (CRE-) mice. β-actin 
(ACTB) served as a control for equal loading. *: p<0.05, **: p<0.01, ***: p<0.001, 
****:p<0.0001. Significance between vhlflox/flox and vhlflox/flox;α-cre mice was 
calculated for individual timepoints by an unpaired t test. 
 
Fig. 2. Abnormal ocular vasculature in vhlflox/flox;α-cre mice 
(A) In vivo cSLO imaging of 10–week-old vhlflox/flox and vhlflox/flox;α-cre mice with 
ICG (795 nm) and FA (488 nm) angiography to ocular vessels as indicated. 
Adjustment of the optical plane allowed the visualization of remnant hyaloidal vessels 
(second from right) and of the abnormal vasculature in the iris (right) in vhlflox/flox;α-
cre mice. White arrow: persistent pupillary membrane. (B) Cross-sectional imaging of 
vlhflox/flox (left) and vhlflox/flox;α-cre (right) mice using SD-OCT. *: optic nerve head; 
black arrow: persistent hyaloidal vessels emerging from optic nerve head.  
 
Fig. 3. Abnormal retinal vasculature in vhlflox/flox;α-cre mice 
(A) Retinal flat mounts of 35-day-old vhlflox/flox (top) and vhlflox/flox;α-cre (bottom) 
mice stained with isolectin-A4 to visualize blood vessels. Shown are overviews over 
the whole retinal flatmount and enlarged representative areas (square). Arrows: retinal 
vessel growth at the retinal periphery. (B) Retinal cross sections of 35-day-old 
vhlflox/flox (top) and vhlflox/flox;α-cre (bottom) mice stained for vessels using isolectin-A4 
(green) and microglia using anti-IBA1 antibodies (red). DAPI (blue) stained nuclei 
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and nomarski images (gray) are shown for orientation. Shown are representative areas 
of the peripheral inferior retina. Arrow: abnormal vessel growth into the ONL. 
Arrowheads: microglia located along ingrown vessels and in the photoreceptor 
segment layer. (C) Semi-quantitative real time PCR for expression of Vegfa, Epo, 
Pedf (Serpinf1), Tie1, Tie2 (Tek) and Fzd4 in vhlflox/flox (squares) and vhlflox/flox;α-cre 
(triangles) mice at postnatal days (d) as indicated.  Given are mean values ± SD of 3 
retinas amplified in duplicates. Values were normalized to β-actin and expressed 
relatively to the first time point (5d) in vhlflox/flox mice. RPE: retinal pigment 
epithelium. OS: photoreceptor outer segments. IS: photoreceptor inner segments. 
ONL: outer nuclear layer. IPL: inner plexiform layer. INL: inner nuclear layer. GCL: 
ganglion cell layer. *: p<0.05, **: p<0.01, ***: p<0.001, ****:p<0.0001. Significance 
between vhlflox/flox and vhlflox/flox;α-cre mice was calculated for individual timepoints by 
an unpaired t test. 
 
Fig. 4. Retinal degeneration in vhlflox/flox;α-cre mice 
Retinal morphology of 2-week-old (A, B), and 10-week-old (C, D) vhlflox/flox and 
vhlflox/flox;α-cre mice as indicated. (A, C): overviews over the whole retinal 
morphology. (B, D): higher magnification pictures of the central and peripheral retina 
(as indicated). RPE: retinal pigment epithelium. IS: photoreceptor inner segments. 
OS: photoreceptor outer segments. ONL: outer nuclear layer. IPL: inner plexiform 
layer. INL: inner nuclear layer. GCL: ganglion cell layer.  
 
Fig. 5 Rod and cone degeneration in vhlflox/flox;α-cre mice 
(A) Immunoflourescence stainings detecting rod opsin (left, red) and S-cone opsin 
(right, red) in cross sections of 10-week old vhlflox/flox  and vhlflox/flox;α-cre mice. DAPI 
(blue) stained nuclei and nomarski images (gray) are shown for orientation. Shown 
are representative areas of the peripheral inferior retina. *: unspecific staining in the 
choroid. (B) Semi-quantitative real time PCR for expression of s-cone opsin 
(Opn1sw), m-cone opsin (Opn1mw), rod opsin (rho), rod transducin (Gnat1) and cone 
transducin (Gnat2) in vhlflox/flox (squares) and vhlflox/flox;α-cre (triangles) mice at 
postnatal days (d) as indicated. Given are mean values ± SD of 3 retinas amplified in 
duplicates. Values were normalized to β-actin and expressed relatively to the first 
time point (5d) in vhlflox/flox mice. RPE: retinal pigment epithelium. IS: photoreceptor 
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inner segments. OS: photoreceptor outer segments. ONL: outer nuclear layer. IPL: 
inner plexiform layer. INL: inner nuclear layer. GCL: ganglion cell layer. *: p<0.05, 
**: p<0.01, ***: p<0.001, ****:p<0.0001. Significance between vhlflox/flox and 
vhlflox/flox;α-cre mice was calculated for individual timepoints by an unpaired t test.  
 
Fig. 6. Reduced retinal function in vhlflox/flox;α-cre mice 
Representative scotopic (A, dark-adapted) and photopic (B, light-adapted) single flash 
ERGs with increasing light intensities were recorded from vhlflox/flox control and 
vhlflox/flox;α-cre mice as indicated. Vertical line crossing each trace shows the timing of 
the light flash. (C) Scotopic and (D) photopic b-wave amplitudes from control (black, 
n=4) and vhlflox/flox;α-cre mice (red, n=3) as a function of the logarithm of the flash 
intensity. Boxes indicate the 25% and 75% quantile range, whiskers indicate the 5% 
and 95% quantiles, and the asterisks indicate the median of the data. 
 
Fig. 7. Activation of LIF response pathway in vhlflox/flox;α-cre mice 
(A) Semi-quantitative real time PCR for expression of Lif, Gfap, Edn2, Fgf2 and Cntf 
in vhlflox/flox (squares) and vhlflox/flox;α-cre (triangles) mice at postnatal days (d) as 
indicated. Given are mean values ± SD of 3 retinas amplified in duplicates. Values 
were normalized to β-actin and expressed relatively to the first time point (5d) in 
vhlflox/flox mice. (B) Western blot analysis of whole retinal extracts from 10 and 28 day 
old vhlflox/flox;α-cre (CRE+) and vhlflox/flox (CRE-) mice. Shown are protein levels of 
GFAP, p-STAT3, STAT3, and ACTB as a control for equal loading. *: p<0.05, **: 
p<0.01, ***: p<0.001, ****:p<0.0001. Significance between vhlflox/flox and vhlflox/flox;α-
cre mice was calculated for individual timepoints by an unpaired t test. 
 
Fig. 8. Activation of apoptosis pathways and pro-caspases in vhlflox/flox;α-cre mice 
(A) Semi-quantitative real time PCR for expression of Klf10, Tgfbi, Fn1, Tnf, Casp1, 
Casp3, Casp8 and Casp9 in vhlflox/flox (squares) and vhlflox/flox;α-cre (triangles) mice at 
postnatal days (d) as indicated. Given are mean values ± SD of 3 retinas amplified in 
duplicates. Values were normalized to β-actin and expressed relatively to the first 
time point (5d) in vhlflox/flox mice. (B) Western blot analysis of whole retinal extracts 
from 10 and 28 day old vhlflox/flox;α-cre (CRE+) and vhlflox/flox (CRE-) mice. Shown are 
protein levels of CASP1, CASP3, CASP8, CASP9 and ACTB as a control for equal 
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loading. *: p<0.05, **: p<0.01, ***: p<0.001, ****:p<0.0001. Significance between 
vhlflox/flox and vhlflox/flox;α-cre mice was calculated for individual timepoints by an 
unpaired t test. 
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Table 1. Primers used for real-time PCR 
 
 
Gene Upstream (5’ – 3’) Downstream (5’ – 3’) Annealing  Product 
β-actin cgacatggagaagatctggc caacggctccggcatgtgc 62 153 
Casp1 ggcaggaattctggagcttcaa gtcagtcctggaaatgtgcc 60 138 
Casp3 ctggaatgtcatctcgctct actgtctgtctcaatgccac 60 353 
Casp8 ccacacaagaagcaggagacca agcaggctcaagtcatcttccag 68 329 
Casp9 ccaatgggactcacagcaaagg ttctcaatggacacggagcatc 62 554 
Cntf agccttgactcagtggatggtg atcagcctctttttcagggacc 58 276 
Edn2 agacctcctccgaaagctg ctggctgtagctggcaaag 60 64 
Egln1 cattgttggcagaaggtgtg caaaggactacagggtctcca 62 70 
Egln2 gaacccacatgaggtgaagc aacacctttctgtcccgatg 60 124 
Egln3 tgtctggtacttcgatgctga gcaagagcagattcagtttttct 60 84 
Epas1 ggagctcaaaaggtgtcagg caggtaaggctcgaacgatg 60 61 
Epo gccctgctagccaattcc gccctgctagccaattcc 60 128 
Fgf2 ggctgctggcttctaagtgt tccgtgaccggtaagtgttg 62 87 
Fn1 accagtgccaagattcagag cttggtgatgtgtgaaggct 60 245 
Fzd4 ctacaacgtgaccaagatgc gggaatttgctgcagttcag 57 277 
Gfap ccaccaaactggctgatgtctac ttctctccaaatccacacgagc 62 240 
Gnat1 gaggatgctgagaaggatgc tgaatgttgagcgtggtcat 58 209 
Gnat2 gcatcagtgctgaggacaaa ctaggcactcttcgggtgag 58 192 
Hif1α tcatcaggttgccacttccccac ccgtcatctgttagcaccatcac 60 198 
Klf10 cgtctagtgtctcagtgctc gacttccagtcgcagctcat 62 243 
Lif aatgccacctgtgccatacg caacttggtcttctctgtcccg 60 216 
Opn1mw tgtacatggtcaacaatcgga acaccatctccagaatgcaag 58 153 
Opn1sw ctctgctacctccaagtgtgg aagtatagggccccagcaga 58 154 
Rho cttcacctggatcatggcgtt ttcgttgttgacctcaggcttg 62 130 
Tgfbi tcctcatgcgactgctgacc cgacttgccgcagatcttcc 64 224 
Tie1 tccagacaaggtcacacacacg tcgcacgatgagccgaaagaag 60 256 
Tek ccatcaccataggaagggactttg taggaaggacgcttgttgacgcatc 60 215 
Tnf ccacgctcttctgtctactga ggccatagaactgatgagagg 62 92 
Serpinf1 tccacagcacctacaaggag taagccacgccaaggagaag 62 280 
Vegfa acttgtgttgggaggaggatgtc aatgggtttgtcgtgtttctgg 60 171 
Vhl gagggacccgttccaataat ttggcaaaaataggctgtcc 60 364 
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3.2. Additional publications 
 
3.2.1. Leukemia inhibitory factor extends the lifespan of injured photoreceptors 
in vivo 
 
Sandrine Joly1, Christina Lange1, Markus Thiersch1, Marijana Samardzija1 and 
Christian Grimm1,2 
 
1Lab for Retinal Cell Biology, Department Ophthalmology, University of Zurich 
2Zurich Center for Integrative Human Physiology (ZIHP) 
 
Author contribution: 
Design: Sandrine Joly (SJ) and Christian Grimm (CG) 
Experiment: SJ, Christina Lange (CL) (real time PCR), Markus Thiersch (MT), 
Marijana Samardzija (MS) and CG 
Interpretation: SJ, CL (real time PCR data), MT, MS and CG 
Manuscript: CG 
Manuscript correction: SJ, CL, MT, MS and CG 
 
Summary: 
In this paper we show that during retinal degeneration in the VPP mouse Lif and 
monocyte chemoattractive protein (Mcp1) were induced strongly with a peak around 
post natal day 42. Whereas ablation of MCP1 did not influence degeneration in the 
VPP mouse, lack of LIF dramatically accelerated photoreceptor degeneration in this 
model. The retinas of Lif knockout mice (Lif -/-) were normal in morphology and 
immunofluorescence stainings showed that all retinal cells are present and normal in 
Lif -/- mice. With in situ hybridization for Lif combined with a Müller cell specific 
marker (glutamine synthetase) we showed that the degenerating retina induces Lif 
expression in a subset of Müller cells. By Western blotting and real time PCR 
analyses we showed that in the degenerating retina of the VPP mouse a signaling 
cascade involving STAT3, glial fibrillary acid protein (Gfap), endothelin 2 (Edn2), 
fibroblast growth factor 2 (Fgf2), suppressor of cytokine signaling 3 (Socs3) and Jak3 
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is induced. This signaling cascade was absent in Lif -/-;VPP double transgenic mice. 
To analyze whether this whole signaling cascade is evoked and controlled by LIF, we 
injected recombinant LIF (rLIF) intravitreally into the eyes of Lif -/- mice. Real time 
PCR analysis revealed that application of rLIF restored the whole signaling cascade 
and induced expression of Edn2, Stat3, Gfap and Fgf2 in Lif -/- mice. We hypothesized 
that EDN receptor b (EDNRb) signaling might induce a positive feed forward loop 
resulting in an increase in Lif expression. This was supported by the strong induction 
of Lif, Edn2 and Fgf2 and the protection against light damage after intravitreal 
injection of a EDNRb agonist (BQ3020) in wild typ mice. In contrary, an EDNRb 
antagonist (BQ788) increased cell death in the VPP mouse. Furthermore, neither 
Edn2 nor Fgf2 were induced upon BQ3020 injection in Lif -/- mice confirming the 
LIF-dependent feed forward loop.  
To analyze whether LIF signaling involves photoreceptors, we injected rLIF 
intravitreally to photoreceptor-devoid rd1 and to cone only Nrl-/- mice. Since LIF did 
not induce the upregulation of Edn2, Gfap and Fgf2 in rd1 but in Nrl-/- mice, we 
concluded that LIF signaling needs the presence of rod and/or cone photoreceptors. 
Finally we proposed a mechanism in which LIF is induced by an unknown molecule 
in a subset of Muller glia cells. It then signals to photoreceptors and induces Edn2. 
EDN2 in turn signals back to Muller cells to induce the survival factor Fgf2, which 
acts on photoreceptors to protect them from damage. 
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Leukemia Inhibitory Factor Extends the Lifespan of Injured
Photoreceptors In Vivo
Sandrine Joly, Christina Lange, Markus Thiersch, Marijana Samardzija, and Christian Grimm
Laboratory for Retinal Cell Biology, Department of Ophthalmology, Center for Integrative Human Physiology and Neuroscience Center Zurich, University of
Zurich, 8091 Zurich, Switzerland
Survival and death of photoreceptors in degenerative diseases of the retina is controlled by amultitude of genes and endogenous factors.
Some genesmay be involved in the degenerative process itself whereas othersmay be part of an endogenous defense system.We show in
twomodels of retinal degeneration that photoreceptor death strongly induces expression of leukemia inhibitory factor (LIF) in a subset
ofMuller glia cells in the inner nuclear layer of the retina. LIF expression is essential to induce an extensive intraretinal signaling system
which includesMuller cells and photoreceptors and is characterized by an upregulation of Edn2, STAT3, FGF2 and GFAP. In the absence
of LIF, Muller cells remain quiescent, the signaling system is not activated and retinal degeneration is strongly accelerated. Intravitreal
application of recombinant LIF induces the full molecular pathway including the activation of Muller cells in wild-type and Lif–/– mice.
Interruption of the signaling cascade by an Edn2 receptor antagonist increases whereas activation of the receptor decreases photorecep-
tor cell death. Thus, LIF is essential and sufficient to activate an extensive molecular defense response to photoreceptor injury. Our data
establish LIF as a Muller cell derived neuronal survival factor which controls an intrinsic protective mechanism that includes Edn2
signaling to support photoreceptor cell survival and to preserve vision in the injured retina.
Key words: leukemia inhibitory factor; Edn2; retina; photoreceptor degeneration; neuroprotection; endogenous rescue pathway
Introduction
Human vision depends on the absorption of photons by rod and
cone photoreceptors which convert the light information into a
signal which is transported by connecting neurons to the brain.
This highly specialized process requires sophisticated molecular
interactions between a variety of intra- and intercellular retinal
components. Thus, the retina has to maintain a high integrity of
its cellular architecture and of the molecular machinery of visual
cells. Mutations and/or exogenous stimuli disturb the retinal in-
tegrity and may lead to photoreceptor apoptosis and retinal de-
generation (Reme´ et al., 1998). Cells of the retina can react to
unfavorable (stress) conditions or to injury with the production
of various cytokines and growth factors in an attempt to protect
neurons and to preserve retinal function. This might best be seen
in experimental paradigms of preconditioning in which a sub-
toxic stimulus induces the differential expression of specific
genes. This increases the resistance of the tissue to a subsequent
stronger stress and thus promotes cell survival (Kamphuis et al.,
2007; Zhu et al., 2007; Thiersch et al., 2008). Ischemic or hypoxic
exposure are classical preconditioning schemes but light expo-
sure below damaging threshold has also been successfully applied
(O’Driscoll et al., 2008) demonstrating the existence of several
activatable survival pathways in the retina.
Exposure to high levels of white light induces photoreceptor
degeneration (Reme´ et al., 1998) and activates a signaling cascade
which includes leukemia inhibitory factor (LIF), Janus kinase 2
(Jak2), signal transducer and activator of transcription 1
(STAT1) and STAT3 (Samardzija et al., 2006a). A similar retinal
response has been observed in models of inherited retinal degen-
eration (Samardzija et al., 2006a). Since recombinant LIF can
protect photoreceptor cells against light-induced degeneration
(Ueki et al., 2008), the increased expression of endogenous LIF in
response to damaging light suggests that LIF might be part of a
retinal defense mechanism to increase survival of visual cells.
Such an endogenous protective response has recently been pos-
tulated by Rattner and Nathans. In their study, they propose that
injured photoreceptors produce endothelin 2 (Edn2) which sig-
nals onto Muller cells. Activated Muller cells and/or other cells
may then produce and release fibroblast growth factor 2 (FGF2)
to support survival of viable photoreceptors (Rattner and
Nathans, 2005).
Here we focused on the role of LIF in the degenerating retina
of the VPP mouse, a model for autosomal dominant retinitis
pigmentosa (Naash et al., 1993; Grimm et al., 2004). We show
that lack of LIF prevents Edn2 expression, STAT3 phosphoryla-
tion, FGF2 production and activation of Muller glia cells and
strongly accelerates retinal degeneration. This suggests that LIF is
the key factor regulating an endogenous defense mechanism to
ensure survival and function of retinal cells. Since LIF expression
Received Oct. 23, 2008; revised Oct. 31, 2008; accepted Nov. 1, 2008.
This work was supported by the Swiss National Science Foundation (Grant 3100A0-117760), a grant from the
European Community (EVI-GenoRet; LSHG-CT-512036), the Fritz Tobler Foundation, the Vontobel Foundation, and
the H. Messerli Foundation. We thank Coni Imsand, Hedwig Wariwoda, and Philipp Huber for excellent technical
assistance andMunaNaash (VPP), BettinaHoltmann, andMichael Sendtner (Lif –/–) for providing transgenicmouse
lines.
Correspondence should be addressed to Christian Grimm, Laboratory for Retinal Cell Biology, Department of
Ophthalmology, University of Zurich, Frauenklinikstrasse 24, 8091 Zurich, Switzerland. E-mail:
cgrimm@opht.uzh.ch.
DOI:10.1523/JNEUROSCI.5114-08.2008
Copyright © 2008 Society for Neuroscience 0270-6474/08/2813765-10$15.00/0
The Journal of Neuroscience, December 17, 2008 • 28(51):13765–13774 • 13765
is specifically induced in a subset of Muller glia cells, Muller cells
may coordinate the molecular response to injury and initiate an
elaborate and LIF-dependent crosstalk between various retinal
cells of the INL and ONL.
Materials andMethods
Mice, light exposure, intravitreal injections, and detection of cell death.
Animals were treated in accordance with the regulations of the Veteri-
nary Authority of Zurich and with the statement of “The Association for
Research in Vision and Ophthalmology” for the use of animals in re-
search. VPP mice [generous gift fromMuna Naash (Naash et al., 1993)]
were on amixed SV129BL/6 background. Lif –/–mice (Escary et al., 1993)
were kindly provided by Bettina Holtmann and Michael Sendtner (Uni-
versity ofWuerzburg, Germany).Ccl-2 –/– (Jackson Laboratory), BALB/c
mice (Harlan) and 129S6/SvEvTac (Taconic) were purchased from com-
mercial suppliers. All mice except BALB/c and 129S6/SvEvTac (both
Rpe65450Leu) expressed theRpe65450Met variant (Samardzija et al., 2006b).
Double mutant mice were generated by classical breeding schemes.
Primer pairs for genotyping are listed in Table 1. For rd1 genotyping,
PCR products were digested with DdeI to detect presence or absence of
the mutation as described earlier (Hafezi et al., 1998).
For light exposure, 8-week-old wild-type mice were dark-adapted over-
night and their pupils were dilatedwith 1%Cyclogyl (Alcon) and 5%phen-
ylephrine (Ciba Vision) 45 min before exposure to 5000 lux of white fluo-
rescent light for 2 h.After exposure,micewere returned todarkness for 12h.
Intravitreal injections were performed on anesthetized animals with a
34G needle mounted on a 10 l Hamilton syringe. Injection site was just
behind the limbus on the superior part of the eye. Intravitreal placement
of the needle was observed through the pupil. One microliter of rLIF in
PBS (10 ng/l; Millipore), BQ-3020 in H2O (1 g/l; American Pep-
tide), BQ-788 in 10%DMSO in PBS (2 g/l; American Peptide) or of
vehicle alone was injected within 5–10 s and the empty needle was kept in
place for additional 30 s before it was slowly withdrawn. BQ-3020 injec-
tions were done in 129S6/SvEvTacmice (n 21) 24 h before exposure to
2 h of 13,000 lux of white light. Analysis of cell death was 24 h after
exposure. BQ-788 injections were done in VPP mice (n 9) at PND 35
and analysis of cell death was 48 h thereafter. Cell death was analyzed by
measuring free nucleosomes in each (total) retina individually using the
cell death detection kit (Roche) according to the manufacturer’s recom-
mendations. Retinal cell death in compound injected eyes was expressed
as fold-difference to cell death in the sham injected contralateral eyes of
the same animal.
Microscopyand immunofluorescence.For lightmicroscopy, eyeswere fixed
in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3, at 4°C overnight.
For each eye, the superior and the inferior retina were prepared, washed in
cacodylate buffer, incubated in osmium tetroxide for 1 h, dehydrated, and
embedded in Epon 812. Sections (0.5 m) were prepared from the lower
central retina and counterstained withmethylene blue.
For immunofluorescence, mice were perfused with 4% paraformalde-
hyde in PBS. Eyes were removed and post fixed for 10 min in 4% para-
formaldehyde. Cornea and lens were removed and eyecups were post-
fixed in 4% paraformaldehyde for additional 15 min at room
temperature. The tissue was then incubated in 10% sucrose (in PBS) for
10 min, 20% sucrose for 30 min and 30% sucrose overnight at 4°C.
Eyecups were embedded in Tissue Tec OCT (Mioles), frozen in liquid
nitrogen and stored at70°C until further use. Twelve micrometer sec-
tions were cut, dried and washed in PBST (PBS 1% Triton X-100) for
3 5min at room temperature (RT). After blocking in PBS 10%horse
serum (HS) for 1 h at RT, sections were incubated with the respective
primary antibodies anti-Calbindin (AB1778), anti Brn-3a (MAB1585),
anti-CHX10 (AB9014), anti-glutamine synthetase (MAB302; all Milli-
pore), anti-Iba-1 (#019-19741, Wako), anti-PKC (sc-209, Santa Cruz;
kindly provided by S. Neuhauss, University of Zurich, Zurich, Switzer-
land), anti-Calretinin or anti-Disabled-3 (both kindly provided by E.
Strettoi, Neuroscience Institute, Italian National Research Council, Pisa,
Italy). Sections were washed 3  10 min in PBS and Cy3- or Cy2-
conjugated secondary antibodies (Jackson ImmunoResearch) were ap-
plied in PBS  10% HS (dilution 1:500) for 1–2 h at RT. Sections were
washed 3 10 min in PBS, mounted and analyzed using a Zeiss fluores-
cent microscope.
In situ hybridization. For in situ hybridization, nonfixed tissue was
frozen in Tissue TecOCT (Mioles). Twelvemicrometer sections were cut
and air dried for 20 min at room temperature and 10 min at 50°C.
Sections were post-fixed for 10 min at room temperature in 4% parafor-
maldehyde (in PBS) followed by 3 washing steps with PBS (5 min each).
Samples were acetylated for 20 min at room temperature in 100 mM
triethanolamine, 2.5 l/ml acetic anhydride followed by 3 washing steps
with PBS (5 min each). Prehybridization was done at room temperature
for 2 h in 50% formamide, 5xSSC, 1xDenhardt’s, 1 mg/ml yeast tRNA,
0.1% Tween 20, 0.1% CHAPS, 5 mM EDTA. Hybridization was done for
16 h at 65°C in 15 ml of the same solution including 7–15 g of DIG-
labeled sense or antisense RNA probe. Slides were washed 5 times in SSC
with increasing stringency and blocked in 100 mM Tris, pH 7.5, 150 mM
NaCl and 1% blocking reagent (Roche # 1096176) for 1 h at room tem-
perature. Incubation with anti-DIG antibody (Roche) in blocking buffer
was for 16 h at 4°C. Slides were washed twice in 100 mM Tris, 150 mM
NaCl at room temperature for 20min each, equilibrated for 5min in 100
mM Tris, pH 9.5, 150 mM NaCl, 50 mM MgCl2, 0.25 mg/ml levamisole
(Sigma, L9756) and incubated in the same solution including 1 l/ml
NBT and 3.5l/ml BCIP for up to 16 h at room temperature. After color
had developed, reaction was stopped in 10 mM Tris (pH 8.0)/1 mM
EDTA, slides were mounted and analyzed.
Combined in situ hybridization/immunofluorescence. In situ hybridiza-
tion was performed as described above on perfused (4% PFA) and cryo-
preserved tissue (seeMicroscopy and immunofluorescence) usingRNase
free reagents. After color development slides were washed 2 in PBS for
5 min each. Slides were then postfixed in 4% PFA for 10 min at RT,
washed 2 in PBS (5min each) and the primary antibodies were applied
in 5% HINGS (heat inactivated goat serum) for 3 h at RT. Slides were
Table 1. Primers used for genotyping and real-time PCR
Gene/allele Forward Reverse
Genotyping
VPP AGACTGACATGGGGAGGAATTCCCAGA CAGCTGCTCGAAGTGACTCCGACC
Lif/wt AAATGCCACCTGTGCCATACGC CAACTTGGTCTTCTCTGTCCCG
Lif/KO CTCTAAGCCTGAACTCTCTCATCC GATTCGCAGCGCAGCGCATCGCCTT
Ccl-2/wt GGAGCATCCACGTGTTGGC ACAGCTTCTTTGGGACACC
Ccl-2/KO CTTGGGTGGAGAGGCTATTC AGGTGAGATGACAGGAGATC
Rd1 CATCCCACCTGAGCTCACAGAAAG GCCTACAACAGAGGAGCTTCTAGC
Nrl/wt GTGTTCCTTGGCTGGAAAGA CTGTTCACTGTGGGCTTTCA
Nrl/KO TGAATACAGGGACGACACCA GTTCTAATTCCATCAGAAGCTGAC
Real-time PCR
Edn1 TCCCGTGATCTTCTCTCTGC AGTTCGGCTCCCAAGACAG
Edn2 AGACCTCCTCCGAAAGCTG CTGGCTGTAGCTGGCAAAG
Ednrb ACCTACAAGTTGCTCGCAGAGG AAAACCTATGGCTTCGGGGAC
Smad1 TGGTTCCAAGCAGAAGGAGGTC GCTCATTTTGTCCCAGGTTGC
Gfap CCACCAAACTGGCTGATGTCTAC TTCTCTCCAAATCCACACGAGC
Mcl1 GTGACTCTTATTTCTTTCGGTGCC CATCCCAGCCTCTTTGTTTGAC
Casp-1 GGCAGGAATTCTGGAGCTTCAA GTCAGTCCTGGAAATGTGCC
Fgf2 TGTGTCTATCAAGGGAGTGTGTGC ACCAACTGGAGTATTTCCGTGACCG
Cntf CTCTGTAGCCGCTCTATCTG GGTACACCATCCACTGAGTC
Bdnf CAAAGCCACAATGTTCCACCAG GATGTCGTCGTCAGACCTCTCG
Gdnf AGATGAAGTTATGGGATGTCGTGG GGCATATTGGAGTCACTGGTCAG
Bcl-2 TTGTGGCCTTCTTTGAGTTCG ATTTCTACTGCTTTAGTGAACC
Survivin AACTACCGCATCGCCACCTTCAAG AGCCAGGGGAGTGCTTTCTATG
Jak1 TGAGCTTTGATCGGATCCTT GCAGGGTCCCAGAATAGATATG
Jak2 GAACCTACAGATACGGAGTGTCC CAAAATCATGCCGCCACT
Jak3 CACAGTGCATGGCCTATGAT AGGTGTGGGGTCTGAGAGG
Tyk2 CCTGTGTCACCTTGCTCTCA GGAATGAGGGATGCAGTTCT
Socs3 GGAGACAGATGAGGCTGGTGA GGACCTACTGACCGAGAGAT
Stat3 CAAAACCCTCAAGAGCCAAGG TCACTCACAATGCTTCTCCGC
Lif-R ACTGAAGTGGAACGACAGAGG CTTTACCACTCAGCATTGTGTTG
Gnat1 GAGGATGCTGAGAAGGATGC TGAATGTTGAGCGTGGTCAT
Lif AATGCCACCTGTGCCATACG CAACTTGGTCTTCTCTGTCCCG
Mcp-1 GGCTCAGCCAGATGCAGTTA CTGCTGCTGGTGATCCTCTT
Primers for Gnat1were from Znoiko et al. (2005).
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rinsed 1x in PBS, washed 3x in PBS (5min each)
and blocked in 20% HINGS at RT for 1 h. The
respective secondary antibodies were applied in
5% HINGS at RT for 1 h. Slides were rinsed in
PBS, washed 3  in PBS (5 min each) and
mounted.
Western blotting. Retinas were homogenized
by sonication in 100 mM Tris/HCl, pH 8.0, and
analyzed for protein content using Bradford re-
agent. Standard SDS-PAGE (12%) and West-
ern blotting of 40 g of total retinal extracts
were performed. For immunodetection, the
following antibodies were used: anti-STAT3
(#9132 Cell Signaling Technology), anti-Akt
(#9272, Cell Signaling Technology), anti-gp130
(sc-656, Santa Cruz), anti-GFAP (G-3893,
Sigma), anti-CRALBP (gift from John Saari,
University of Washington, Seattle, WA), anti-
-actin (sc-1616, Santa Cruz Biotechnology),
anti-phospho-STAT3Tyr705 (#9131, Cell Signal-
ing Technology), anti-phospho-AktTyr473
(#9271, Cell Signaling Technology). Blots were
incubated overnight at 4°C with primary anti-
bodies followed by a one hour incubation at RT
with HRP-conjugated secondary antibodies.
Immunoreactivity was visualized using the
Western Lightning Chemiluminescence re-
agent (Perkin-Elmer).
RNA isolation, cDNA synthesis, and real-time
PCR.Retinas were removed through a slit in the
cornea and snap frozen in liquid nitrogen. Total
retinal RNA was prepared using the RNeasy
RNA isolation kit (Qiagen) including a DNase
treatment to digest residual genomicDNA.One
microgram of total RNA were used for reverse
transcription using oligo(dT) and M-MLV re-
verse transcriptase (Promega). cDNAs from in-
dividual animals were amplified in duplicates
with respective primer pairs (Table 1) in a
Light-Cycler instrument 480 (Roche Diagnos-
tics AG) using SYBR Green I Master Mix
(Roche Diagnostics AG). mRNA levels were
normalized to -actin and relative gene expres-
sion was calculated using the value of one (out
of three) wild-type probe as calibrator. For sta-
tistical analysis we used ANOVA with Tukey’s
multiple comparison test (wheremore than two
conditions were compared), ANOVA with
Dunnett’smultiple comparison test (where sev-
eral conditions were compared with a control)
or a one-tailed t test for the comparison of the
treatment in Lif –/– animals, respectively. p val-
ues of 0.05 were considered statistically
significant.
Results
Lack of LIF accelerates photoreceptor
degeneration in a model of
retinitis pigmentosa
The degenerating retina of VPP mice in-
duces the expression of several factors con-
nected to an inflammatory or immune re-
sponse like LIF (Fig. 1A) (Samardzija et al.,
2006a), monocyte chemoattractant
protein-1 (MCP-1) (Fig. 1B), Casp-1,
interleukin-1 (IL-1) (Samardzija et al.,
2006c), complement component 1q
(C1q) (Rohrer et al., 2007) and comple-
Figure 1. Lack of LIF accelerates photoreceptor degeneration in the VPP retina. A, B, Retinas from wt (squares) or VPP
(triangles)micewere isolated at different postnatal days (PND) as indicated. Gene expression of LIF (A) andMCP-1 (Ccl-2) (B) was
analyzed by real-time PCR and normalized to -actin expression. Expression of both factors was strongly induced in VPP mice
starting around PND 15, concomitantly with the onset of photoreceptor degeneration. Shown are the meanmRNA levels (SD)
of three independent retinas per time point and strain (n 3) relative to the levels of wild-type (wt) at PND 10which was set to
1. C, Retinalmorphology of VPP (left) and VPP;Ccl-2 –/–mice (right) at PND 42. Lack of Ccl-2 did not influence the degeneration as
reflected by the indistinguishable retinal morphologies. Both genotypes retained 5–6 rows of photoreceptor nuclei in the ONL
comparedwith the10–12 rows inwild-type retinas (D).D, Retinalmorphologyofwild-type (wt), Lif –/–, VPPandVPP;Lif –/–mice
was analyzed at PND 15, PND 28 and PND 42 as indicated. Retinal morphology was similar in wt and Lif –/– at all ages tested.
Retinas of VPP mice developed normally until the age of 15 d. As expected (Samardzija et al., 2006b), many VPP photoreceptors
degenerated until PND 28 before the degeneration slowed down. Photoreceptors of VPP;Lif –/– mice displayed a similar degen-
eration until PND 28 but had amuchmore severe progression thereafter as seen by the single row of photoreceptors remaining at
PND 42. Shown are representative panels of at least three independent retinas. RPE, Retinal pigment epithelium; ROS, rod outer
segments; RIS, rod inner segments; ONL, outer nuclear layer; INL, inner nuclear layer. Scale bars, 25m.
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ment factor H (CFH, data not shown). To analyze their potential
role in the physiology or pathophysiology of the retina, we genet-
ically inhibited MCP-1 and LIF signaling. For this purpose, we
generated doublemutantmice expressing theVPP transgene on a
null background for either the MCP-1 chemokine (Ccl-2–/–) or
the LIF cytokine (Lif–/–), respectively. Even though MCP-1 was
upregulated 100-fold in the VPP retina, lack of functional
MCP-1 did not noticeably influence the course of the disease
process (Fig. 1C). In contrast, genetic ablation of LIF strongly
accelerated retinal degeneration and the death of photoreceptors
in VPP mice (Fig. 1D). Whereas retinas of VPP mice showed the
expected slow degeneration with6 rows of photoreceptor cells
left at PND 42, retinas of VPP mice lacking LIF showed a severely
accelerated degenerationwith only one rowof visual cells remaining
42 d after birth (Fig. 1D). Onset and first phase of the degeneration
was similar to VPPmice as suggested by the normal retinal appear-
ance at PND 15 and by the only slightly reduced number of photo-
receptor nuclei at PND 28.
Although LIF has been implicated in retinal development (El-
liott et al., 2006) and lack of LIF was recently reported to increase
microvessel density in the retina (Kubota et al., 2008), retinal
morphology of Lif–/– mice was similar to wild-type mice at all
ages tested. Retinal cell layers were well established and distribu-
tion of rods and cones was inconspicuous (Fig. 1D). In addition,
immunofluorescence stainings with antibodies specific for hori-
zontal cells (anti-calbindin), bipolar cells (anti-CHX10), Muller
cells (anti-glutamine synthetase) and ganglion cells (anti-Brn3a)
resulted in similar staining patterns in wild-type and knock-out
mice (Fig. 2). Normal retinal architecture of Lif–/– mice is further
supported by the equal numbers of retinal ganglion cells in wt
and LIF knock-out animals (additional file 1). In addition, retinal
function of Lif–/– mice was comparable to wild-type animals
(data not shown).
Photoreceptor injury induces LIF expression in a subset of
Muller glia cells
We used in situ hybridization to localize the cells expressing LIF
cytokine in response to photoreceptor injury.Whereasmost cells
did not show enhanced signal intensity compared with controls,
few scattered cells were strongly positive for LIF expression in the
INL of VPP mice at PND 28 (Fig. 3A–C). A very similar expres-
sion pattern was also found in retinas of wild-type mice at 12 h
after exposure to damaging light (Fig. 3D–F,G,J). This suggests
that the same subset of cells might be responsible for LIF upregu-
lation in both models of retinal degeneration. Hybridization of
wild-type control retinas with antisense probe did not result in
such a staining pattern (Fig. 3F) demonstrating that the signal
was specific for degenerating retinas. To identify the retinal cell
type expressing LIF, we combined in situ hybridization with im-
munofluorescence using antibodies specific for individual retinal
cell types. Whereas the in situ LIF signal did not colocalize with
calbindin (horizontal cells), calretinin (amacrine cells),
disabled-3 (type 2 amacrine cells), PKC- (cone bipolar cells) or
Iba-1 (microglia cells) (additional file 2), it labeled a subset of
Figure 2. A–D, Lif –/– retinas are similar to wild-type. Retinas of 28-day-oldwild-type (wt) and Lif –/–mice, respectively, were stainedwith antibodies specific for horizontal cells (calbindin,A),
bipolar cells (CHX10,B),Muller glia cells (glutamine synthetase,C) andganglion cells (Brn3a,D). Stainingpatternsdidnotdiffer betweenwild-typeandmutant retinas.GCL,Ganglion cell layer.Other
abbreviations as in Figure 1. Scale bar, 50m.
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cells which stained positive for glutamine synthetase (GS) (Fig.
3G–L). This clearly demonstrates that a subset ofMuller glia cells
upregulated LIF in response to retinal stress. It is interesting to
note that the intensity of the GS staining correlated inversely with
the intensity of the LIF signal (Fig. 3 J,K).
Lack of LIF prevents activation of Muller glia cells and blocks
phosphorylation of STAT3
Muller cell activation is one of the most common hallmarks in a
degenerating retina. In virtually all cases studied, retinal Muller
cells increase expression of glial fibrillary acid protein (GFAP) in
response to a degenerative process (Lewis and Fisher, 2003;
Bringmann et al., 2006). This has also been observed in the VPP
mouse retina (Fig. 4) (Samardzija et al., 2006a). In contrast to
VPP mice on a LIF wild-type background, increased expression
of GFAP was completely abolished in retinas of VPP;Lif–/– (Fig.
4). The similar expression levels of cellular retinaldehyde-binding
protein (CRALBP) (Fig. 4) and the immunofluorescence staining
for glutamine synthetase (GS) (Fig. 2), both Muller cell markers,
show that the missing glial response was not due to a generally
reduced presence of Muller cells in LIF knock-out animals.
Similarly toGFAP inMuller cells, phosphorylation of the anti-
apoptotic STAT3 protein has been commonly observed during
degenerative processes in the retina (Mechoulam and Pierce,
2005; Samardzija et al., 2006a; Yang et al., 2007; Ueki et al., 2008).
As for the increased GFAP expression, phosphorylation of
STAT3was completely blocked in retinas ofVPP;Lif–/–mice (Fig.
4). Since STAT3 protein was expressed at normal levels (Fig. 4)
and the enzymaticmachinery to phosphorylate STAT3was intact
in the Lif–/– retina (see below), a block of upstream signaling
events in the absence of LIF cytokinemust account for the lack of
STAT3 phosphorylation and themissingMuller cell activation in
the double transgenic animals.
Akt, another kinase implicated in retinal degeneration and cell
survival (Johnson et al., 2005; Jomary et al., 2006) was slightly acti-
vated in degeneratingVPP retinas as evidenced by the small increase
in phosphorylation observed byWestern blotting (Fig. 4). Similar to
STAT3, the absence of LIF prevented increased phosphorylation of
Akt in response to the degeneration in theVPP;Lif–/– retina.
LIF is required for proper signaling in the stressed retina
Recently, Rattner and Nathans (2005) identified photoreceptor-
derived Edn2 as a potential signaling molecule regulating a Mul-
ler glia cell response to light-mediated injury. Similar to the light-
Figure 3. The degenerating retina induces LIF expression in a subset ofMuller glia cells.A–F, In situ hybridization localizes LIF-expressing cells in the INL. Retinal sections of 28-day-old VPPmice
(A–C), of wild-type BALB/c mice 12 h after light exposure (D, E), or of untreated wild-type mice (F ) were hybridized with LIF sense (A, D) or LIF antisense (B, C, E, F ) riboprobes. C, Higher
magnification of boxed area in B. LIF antisense probes specifically stained scattered cells in the INL in retinas undergoing photoreceptor degeneration (B, E) but not in a healthy retina (F ). G–L,
Combined in situ and immunofluorescence stainings identified LIF-expressing cells as a subset of Muller glias. Retinal sections of wild-type 129S6/SvEvTac mice 12 h after light exposure were
hybridizedwith LIF antisense riboprobes (G, J) and anti-glutamine synthetase antibodies (H, K). Themerged pictures (I, L) identified LIF-expressing cells as a subset of Muller glia cells. J–L, Higher
magnifications of boxed area in G. Arrows, cells positive for LIF and GS. Abbreviations as in Figure 1. Scale bars, 50m.
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damaged retina (data not shown), the VPP retina strongly
upregulated expression of Edn2 (Fig. 5A). Basal expression of
Edn2 seemed to depend largely on LIF since Edn2 expression was
reduced to 2% of wild-type levels in Lif–/– mouse retinas. In VPP
mice lacking LIF (VPP;Lif–/– double mutants), Edn2 expression
was not upregulated and remained at the low basal levels ob-
served in the Lif–/– retina, despite the accelerated retinal degen-
eration in the double mutant mice. Edn1 and Ednrb were ex-
pressed at similar levels in all mouse strains tested.
In the injured retina of the VPPmouse, GFAPwas induced on
the mRNA (Fig. 5B) and protein (Fig. 4) levels. Similar to Edn2,
however, GFAP expression was strongly reduced in retinas of
mice lacking LIF (11% of wt) (Fig. 5B) and in contrast to VPP
mice (2.7-fold elevated mRNA levels) no increased expression of
GFAPwas detectable in retinas of doublemutantmice which is in
line with our protein expression data (Fig. 4). LIF influenced also
expression of Casp-1 since basal mRNA levels of this protease
were reduced by a factor of 2 in retinas of Lif–/– mice (Fig. 5B).
Similar to Edn2 and GFAP, Casp-1 expression was activated in
VPP retinas but not in VPP;Lif–/– double mutant mice. Expres-
sion of other stress related genes like Smad1 (data not shown) and
Mcl1 (Fig. 5B) were not affected by the lack of LIF and/or the
presence of the VPP transgene (Fig. 5B).
FGF2 is often implicated in a paracrine pathway of photore-
ceptor neuroprotection in various models of degeneration (Wen
et al., 1995; Gao and Hollyfield, 1996; Joly
et al., 2007) and is thought to be produced
in an attempt to protect cells in unfavor-
able conditions. As such, FGF2, was also
strongly upregulated in the VPP retina
(10.2-fold, Fig. 5C). Strikingly, however,
VPP retinas lacking LIF completely failed
to induce FGF2 expression which re-
mained at the same low basal level (38% of
wt) as observed in Lif–/– single mutant
mice (43% of wt). Expression of other
neurotrophic factors like BDNF, GDNF
and CNTF remained at basal levels in the
different strainswith a slight upregulation of
CNTF in the double transgenic retina (1.7-
fold induction, Fig. 5C). Similarly, expres-
sion of the anti-apoptotic genes survivin and
Bcl-2, bothmay be regulated in a STAT3 de-
pendent manner (Kim et al., 2006; Weeras-
inghe et al., 2007) remained at basal levels in
the retinas of all strains tested. Thus, the lack
ofFGF2 inductionmighthavebeen themain
reason for the accelerated photoreceptor de-
generation in the VPPmouse lacking LIF.
Retinal degeneration in the VPPmouse
not only induced phosphorylation of
STAT3 (Fig. 4) but also STAT3 gene ex-
pression (1.9-fold) and the expression of at
least two additional members of the Jak/
STAT signaling pathway (Jak3, 2.6-fold
and SOCS3, 3.4-fold). Again, lack of LIF in
VPP;Lif–/– mice completely blocked acti-
vation of this signaling cascade (Fig. 5D).
In summary, all genes (Edn2,GFAP,Casp-1, FGF2, STAT3, Jak3,
SOCS3) or proteins (pSTAT3, p-Akt, GFAP), which were activated
in response to VPP-mediated retinal degeneration showed basal ex-
pression in the absenceofLIF.This strongly suggests anessential and
early role of LIF in the retinal response to photoreceptor injury.
Signaling can be restored by the application of rLIF
Themissing activation of gene expression and protein phosphor-
ylation in Lif–/– mice could be specifically caused by the absence
of LIF cytokine or by a general defect in the knock-out animals.
To discriminate between these possibilities, we analyzed gene
Figure 4. Lack of LIF prevents activation of STAT3, Akt and GFAP. Total retinal extracts ofwt,
VPP, Lif –/– and VPP;Lif –/– retinas of 28-day-old mice were tested by Western blotting using
specific antibodies as indicated. TheVPP transgeneonaLIFwild-typebackground (left) induced
a strong phosphorylation of STAT3, aweak activation of Akt and a robust upregulation of GFAP.
Retinas of VPP mice on a LIF knock-out background (right) did not show any signs of STAT3
phosphorylation and did not increase expression of phospho-Akt and GFP. *Nonspecific signal.
Figure 5. Lack of LIF prevents induction of a genomic response to retinal injury. Total retinal RNA was prepared from 28-day-
old wt, VPP, Lif –/– and VPP;Lif –/–mice. cDNA from 3 independent retinas per genotypewas amplified in duplicates by real-time
PCR. Onewild-type sample served as calibrator and themeanof allwild-type sampleswas set to 1 for each gene amplified. Shown
aremeans SD of endothelin-related genes (A), stress-related genes (B), growth and survival factors (C), and of genes relevant
for the Jak/STAT signaling pathway (D) relative to wild-type levels. Lack of LIF caused very low basal expression levels of Edn2,
GFAP and FGF2. In the presence of LIF, VPP-mediated retinal degeneration induced expression of Edn2, GFAP, Casp-1, FGF2, Jak3,
SOCS3 and STAT3. The absence of LIF prevented induction of all of these genes in the VPP retina and expression levels remained at
similar low levels as in Lif –/– single mutant mice.
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expression after intravitreal injection of rLIF into wild-type and
Lif–/– mice. rLIF induced phosphorylation of STAT3 similarly in
all mice tested (Fig. 6A) and strongly activated gene expression of
Edn2, GFAP and FGF2 in both wild-type and Lif–/– retinas (Fig.
6B). Although FGF2 mRNA levels in Lif–/– retinas treated with
rLIF injections did not reach levels of treated wild-type retinas,
induction over nontreated retinas was nevertheless similar (5-
fold in wild-type and threefold in Lif –/– retinas) in the twomouse
strains. It is interesting to note that rLIF induced expression of
Edn2 14-fold in wild-type retinas and 3200-fold in Lif–/– ani-
mals resulting in similar expression levels in the two animals after
rLIF application. Control injections of carrier (PBS) resulted only
in a subtle response with low levels of STAT3 phosphorylation
(Fig. 6A) but not in a significant alteration of gene expression
(Fig. 6B). These data show that the molecular equipment re-
quired to transduce LIF-mediated signaling was present and
functional in Lif–/– retinas. This suggests that lack of gene activa-
tion was a specific consequence of the absence of LIF.
Activation of Ednrb induces the molecular response and
protects photoreceptors
The receptor for Edn2 has been found to be expressed on Muller
cells and potentially astrocytes in the mouse retina (Rattner and
Nathans, 2005). To test whether direct stimulation of Ednrb
might be able to activate the molecular response to injury we
injected the Ednrb agonist BQ-3020 into the vitreous ofwild-type
and Lif–/– mice (Fig. 7). BQ-3020 efficiently induced expression
of FGF2, Edn2 and LIF in wild-type retinas. In contrast, the
Ednrb agonist failed to significantly induce FGF2 in Lif–/– mice
and caused only a 70-fold increase of Edn2 expression in the
knock-outs compared with the 3200-fold increase after rLIF ap-
plication (Fig. 6B). This supports our con-
clusion that the signaling system can effi-
ciently be activated only in the presence of
LIF. Note that the strong upregulation of
LIF inwtmicemay have further supported
the production of Edn2 by a positive feed
forward loop resulting in a signal amplifi-
cation which was only possible in wild-
type but not Lif–/– animals.
Modulation of Ednrb activationwas di-
rectly relevant for photoreceptor survival.
Application of the Ednrb agonist resulted
in a strong tendency toward protection of
photoreceptors against light damage (Fig.
7D), whereas injection of an Ednrb antag-
onist (BQ-788) into eyes of VPP mice sig-
nificantly increased retinal cell death (Fig.
7E).
LIF-induced signaling andMuller cell
activation may act through rod
photoreceptor cells
To investigate a potential role of photore-
ceptors for the signaling mechanisms in-
duced by LIF expression, we injected rLIF
into the vitreous of mice which are almost
devoid of photoreceptors [3-month-old
rd1 (Bowes et al., 1990)] or which have a
cone-only retina [Nrl–/– (Mears et al.,
2001)]. Most importantly, although ex-
pression of genes was induced upon injec-
tions, the response did not differ between
rLIF and PBS-injected retinas in these two mouse strains which
both lack rod photoreceptors (Fig. 8A–F), in contrast to injec-
tions into wild-type mice (Fig. 6B). This strongly suggests that a
specific LIF-mediated retinal response requires rod
photoreceptors.
However, it is interesting to note that basal gene expression
and the response to injections differed between rd1 and Nrl–/–
retinas in several points. (1) Basal expression of Edn2 in the aged
rd1mouse was1300-fold reduced (7 104 relative to wt, Fig.
8A) which is comparable to the low levels of rod specific Gnat1
(rod transducin) mRNA (1 104 relative to wt) (Fig. 8F). This
suggests that Edn2 is mainly expressed in photoreceptor cells.
Since these cells are no longer present in rd1 mice, Edn2 expres-
sion levels are strongly reduced. Since the cone retinas of Nrl–/–
mice showed only fivefold reduced levels of Edn2 mRNA (Fig.
8A) Edn2may be expressed by both rods and cones in awild-type
retina. (2) Injections (rLIF and PBS) induced expression ofGFAP
much stronger in the rd1 mouse retina than in the Nrl–/– retina
(Fig. 8B). (3) Basal levels of FGF2 mRNA were higher in the
Nrl–/– retina (Fig. 8C). (4) ThemRNA for Ednrb was increased in
rd1 (andNrl–/–) retinas (Fig. 8D) compared with wild-type. This
suggests that the receptor for Edn2 is expressed mainly in cells
different from photoreceptors which is in line with the findings
from Rattner and Nathans (2005). (5) LIF-RmRNAwas reduced
only sixfold in the rd1 mouse and 2.5-fold in the Nrl–/– mouse
(Fig. 8E) suggesting that also cells apart from photoreceptors
may express the receptor for LIF.
Discussion
Cells and tissues are equipped with endogenous protective mecha-
nisms to copewith photoreceptor injury. Knowledge of thesemech-
Figure 6. A,B, Injection of rLIF restores signaling in Lif –/–mice. A total of 1l (10 ng) of rLIF (l) or of vehicle control (PBS) (c)
was injected intravitreally and levels of proteins or mRNAs were analyzed after 24 h by Western blotting (A) or by real-time PCR
(B).A, Injectionof rLIF inducedphosphorylationof STAT3 inwild-type, Lif/– andLif –/–mice. Control PBS injections showedonly
a minor response. B, Gene expression of noninjected mice (n) or of mice at 24 h after injection of rLIF (l) or vehicle (PBS) (c) in
wild-type (black bars) or Lif –/– mice (gray bars). Shown are means SD of n 3–4 per genotype and treatment. Levels in
noninjected wild-type animals were set to 1. *p 0.05; Ap 0.05. n, Noninjected; l, rLIF-injected; c, vehicle-injected.
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anisms may allow a targeted and sustained
activation of intrinsic molecular pathways
which could protect cells against death in a
variety of degenerative diseases. Protection
against cell death may ensure functionality
of the tissue which is especially important in
tissues depending on quiescent post-mitotic
cells like brain and retina.Herewe show that
the retina contains a LIF-controlled signal-
ing system which apparently aims at the
maintenance of the viability of injured pho-
toreceptors. Activation of the system in-
volves at least photoreceptors and Muller
glia cells. The absence of LIF completely
blocks this endogenous defense pathway,
prevents activation of Muller glia cells in re-
sponse to a stress situation and keeps several
signaling and survival factors at basal expres-
sion levels. This results in a drastically accel-
erated degeneration of visual cells.
Retinal response to injury
Rattner and Nathans (2005) recently pro-
posed a specific retinal response to injury
which involves the production and secre-
tion of Edn2 by injured photoreceptors
leading to the activation ofMuller glia cells
via Ednrb and to an increased expression
of FGF2. FGF2 is a potent neurotrophic
factor that is upregulated in various situa-
tions of retinal stress (Gao and Hollyfield,
1996; Hackett et al., 1997; Grimm et al.,
2002) and that can protect retinal cells
against various insults (Unoki and LaVail,
1994; Liu et al., 1998; Yamada et al., 2001;
Schuettauf et al., 2004; O’Driscoll et al.,
2007, 2008).
Intriguingly, this response seems not to be initiated by the
damaged photoreceptors themselves but rather by a specific sub-
set of Muller glia cells which react with the expression of LIF to
photoreceptor injury (Fig. 3). What sets the LIF-expressingMul-
ler cells apart from other Muller cells needs to be investigated.
Our combined in situ and immunofluorescence stainings suggest
that cells expressing high levels of LIF have reduced GS levels.
Whether this is an artificial observation due to the staining pro-
cedure needs to be analyzed but it is interesting that GS might be
down regulated in pathological situations possibly through the
action of FGF2 (Kruchkova et al., 2001).
The presence of LIF is required to express Edn2 to normal
levels and to induce it in the stressed retina. Since Ednrb is ex-
pressed by Muller cells (which also express LIF), Edn2 signaling
may induce a positive feed forward loop resulting in an increased
stimulation LIF production. This is supported by the strong stimu-
lationofLIFexpressionafter injectionof theEdnrbagonistBQ-3020
inwild-type retinas (Fig. 7). In addition toLIF, BQ-3020 application
also induced Edn2 and FGF2 expression suggesting that the full re-
sponse is inducible through activation of Ednrb. Indeed, activation
of Ednrb protected cells against light damage and antagonizing the
receptor increased cell death in the VPP mouse (Fig. 7). This dem-
onstrates a direct relevance of the LIF-dependent Edn2 signaling for
photoreceptor survival and tissue integrity. The existence of a LIF-
dependent positive feed forward loop is further supported by the
reduced molecular response in retinas of Lif–/– mice after BQ-3020
application (Fig. 7).
Since LIF-R and gp130, the two receptor subunits required for
LIF binding are ubiquitously expressed in the retina including
photoreceptors (Ueki et al., 2008) LIF may directly target visual
cells to increase Edn2 production. This notion is supported by
our observation that injection of rLIF into eyes of mice without
photoreceptors (aged rd1 mice) did not provoke a similar strong
response (Fig. 8).
In the presence of increased LIF, the transcription factor
STAT3 is strongly phosphorylated and expression of the receptor
kinase Jak3 is induced. STAT3 is a downstream mediator of
gp130 signaling (Ernst and Jenkins, 2004) and is able to upregu-
late Jak3 expression (Mangan et al., 2004). In the absence of LIF,
STAT3 protein is not activated and expression of Jak3 is not
elevated suggesting that LIF may indeed signal through STAT3/
Jak3. Since lack of LIF also prevents upregulation of Edn2 expres-
sion, the regulation of these molecules may be correlated and
directly or indirectly be coordinated by LIF-mediated stimula-
tion of LIF-R.
Similarly to Edn2, STAT3, Jak3 and GFAP, induction of the
survival factor FGF2 depends on LIF. It has been shown that
injection of rLIF protects the retina against a toxic insult (Ueki et
al., 2008), that injection of rLIF upregulates endogenous FGF2 in
the retina (Fig. 6), that increased expression of endogenous FGF2
protects against retinal degeneration (O’Driscoll et al., 2008) and
that lack of FGF2 activation correlates with accelerated photore-
Figure 7. Modulation of Ednrb signaling influences cell survival. A–C, A total of 1l (1g/l) of BQ-3020 (BQ) or of vehicle
control (H2O) (c)was injected intravitreally intowild-type (wt) or Lif
–/–mice as indicated.Noninjectedmice (n) servedas controls.
Gene expressionwas analyzed 24 h after injection by real-time PCR on cDNA derived from total retinal RNA. n 3 per treatment.
D, Cell death after light exposure in retinas pretreated with BQ-3020. The left eye of each wild-type mouse was injected with
BQ-3020 and the right eyewith vehicle (sham). Each bar represents the fold difference in cell death between compound and sham
treated eyes of a single mouse. The last bar shows the result in a wild-type mouse not exposed to light. Of the 21 mice analyzed,
BQ-3020 treated retinas of 15 animals were less severely affected by the light exposure than the contralateral sham treated
retinas. This resulted in a strong tendency toward protection by the activation of Ednrb ( p 0.0536; paired Student’s t test). E,
Cell death in retinas of VPPmice treated with BQ-788, an Ednrb antagonist. The left eye of eachmouse was injected with BQ-788
and the right eyes with vehicle (sham). Analysis was 2 d after injection. Each bar represents the fold difference in cell death
between compound and sham treated eyes of individual VPP mice. The last bar shows the result in a wild-type mouse to test
potential toxicity of the compound.Of the9mice analyzed, BQ-788 treated retinas of 8 animalsweremore severely affectedby the
VPP mediated degeneration than the contralateral sham treated retinas. This resulted in a significantly lower survival of photo-
receptors after the inhibition of Ednrb signaling ( p0.0351; paired Student’s t test). *p0.05; Ap0.05. n, Noninjected; BQ,
BQ-3020-injected; c, vehicle-injected.
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ceptor death (Figs. 1, 5). Thus, is seems highly likely that FGF2 is
amajor factor in the LIF-controlled protectivemechanism. Since
independent studies have reported expression of FGF2 byMuller
cells (Walsh et al., 2001) and by photoreceptors (Rattner and
Nathans, 2005), respectively, regulation of FGF2 expression by
LIF needs further detailed investigation.
Together, our results show that LIF is not only essential but
also sufficient to serve as the molecular switch to activate an
endogenous protective response which may depend on the pro-
duction of the survival factor FGF2.
Rod photoreceptors are required for a specific
LIF-mediated response
Injection of rLIF specifically induced expression of Edn2,GFAP and
FGF2 (Fig. 6). Since similar injections in the absence of rod photo-
receptors did not cause a significantly different response from con-
trol injections (Fig. 8), our results suggest that rod photoreceptors
play an essential and specific role in the LIF response pathway. The
strongbutnotexclusiveproductionofEdn2 inrodphotoreceptors is
demonstrated by the 1300-fold reduced basal Edn2 levels in rd1
comparedwithwild-typemice. Since rd1miceat this age (3months)
retain some photoreceptors, mostly cones, in the far peripheral ret-
ina (data not shown) and since the all-cone retinas of Nrl–/– mice
show only fivefold reduced levels of Edn2 mRNA (Fig. 8), cones
might also express Edn2 which can be stimulated by retinal injury,
although not in a LIF specific way. This conclusion is supported by
the lackof significantEdn2 induction in the661Wconecell line after
rLIF application in vitro (data not shown).
One of the most common response to retinal injury is the up-
regulation of the intermediate filament protein GFAP inMuller glia
cells (Sarthy and Fu, 1989; Lewis and Fisher,
2003; Nakazawa et al., 2007). This is also ev-
ident during the degenerative process in the
retinaof theVPPmouse (Fig. 4).As forEdn2
and FGF2, expression and upregulation of
GFAP depends on the presence of LIF (Figs.
4, 5). The missing induction of GFAP ex-
pression in VPP;Lif–/– mice suggests that
photoreceptor degeneration cannot activate
Muller cells and/or astrocytes in the absence
of LIF. Injection of rLIF was sufficient to in-
crease expression of GFAP (Fig. 6) but the
upregulation was only specific in the pres-
ence of rod photoreceptors (Fig. 8). Thus,
LIFmaynot directly target glial cells butmay
stimulateMuller cells throughproductionof
Edn2 in rod photoreceptors.
An endogenous, LIF-mediated
neuroprotective response in the retina
Based on our data and on published results
(Rattner and Nathans, 2005), we suggest a
model pathway which may be used by ret-
inal cells to protect tissue integrity and to
preserve photoreceptor function in the
presence of damaging stress like excessive
light exposure or genemutations.We pro-
pose that a subset ofMuller glia cells senses
photoreceptor damage and reacts with the
upregulation of LIF. Only in the presence
of increased LIF, photoreceptors induce
expression of Edn2 which may then signal
back to Muller glia cells. This may cause a
gliosis-like reaction and the stimulation of GFAP expression.
Concomitantly, the survival factor FGF2 is produced in Muller
cells and/or photoreceptors aiming at the protection of visual
cells from further damage (additional file 3). Whether Edn2 ex-
pression occurs in healthy or already damaged photoreceptors is
currently unknown. Although it was shown that Edn2 is mainly
produced in the region affected by a toxic insult (Rattner and
Nathans, 2005), the specific response observed after intravitreal
injection of rLIF in wild-type animals suggests that also healthy
photoreceptors can activate this response pathway. It is thus
probable that Edn2 production is a general response of photore-
ceptors to increased local concentrations of LIF.
Our work establishes LIF as the key molecule in the induction
of an endogenous molecular pathway aiming at the protection of
photoreceptor cells in vivo. This pathway may be part of a tissue
defense system which increases the survival of visual cells in sit-
uations of environmental or mutational stress. Even though the
endogenous potency of the systemmay not be sufficient to secure
the viability of the cells over an extended period of time (photo-
receptors in the VPP mouse die eventually), an artificial increase
of its efficacy may nevertheless offer the opportunity to signifi-
cantly prolong the lifespan of visual cells in human patients.
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Summary: 
Hypoxic preconditioning stabilizes HIF1A in the retina and protects photoreceptors 
from light-induced cell death. In this paper we determined whether this stabilization 
of HIF1A in photoreceptor cells is essential for the protection seen after hypoxic 
preconditioning. We show that Hif1a is expressed in each cell layer of the retina. To 
knock down Hif1a specifically in rod photoreceptors, we crossed Hif1a-floxed mice 
(HIF-1αF/F) to mice expressing Cre recombinase under the opsin promotor 
(LMOPC1) and to mice in which Cre is under control of the Tamoxifen-inducible prp 
promotor (PrP-Cre-ERT(28.4)). HIF1A knock-down was more efficient in HIF-1αF/F 
crossed to PrP-Cre-ERT(28.4) (PrPCre(HIF-Δ)) than in HIF-1αF/F crossed to LMOPC1 
(OpnCre(HIF-Δ)). The knock-down was specific for the ONL, but mild reduction of 
Hif1a gene expression was also seen in the INL and the GCL. Hypoxia induced 
HIF1A target genes like proyl hydroxylase 2 (Egln1), BCL2/adenovirus E1B 
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interacting protein 3 (Bnip3), Vegf, solute carrier family 2 member 1 (Slc2a1 or 
Glut1) and adrenomedullin (Adm) were reduced significantly in the PrpCre(HIF-Δ) mice 
in contrast to the OpnCre(HIF-Δ), where only Egln1 and Glut1 showed a significant 
reduction. Tamoxifen injection and/or hypoxia alone did not alter retinal morphology 
of neither HIF-1αF/F, OpnCre(HIF-Δ) nor PrPCre(HIF-Δ) mice. We therefore exposed the 
HIF1A knock down mice to light with or without hypoxic preconditioning. Although 
these mice did not have HIF1A in photoreceptors, hypoxic preconditioning protected 
them from light damage indicating that protection of visual cells by hypoxic 
preconditioning does not depend on HIF1A in photoreceptors. From this we 
concluded that either the stabilization of other HIF transcription factors (e.g. HIF2A) 
in photoreceptors is responsible for the protection or HIF1A activates target genes in 
other cell layers that act in a paracrine manner to protect photoreceptors from light 
damage. Indeed we saw stabilization of HIF2A after hypoxic preconditioning in both 
OpnCre(HIF-Δ) and PrPCre(HIF-Δ) mice. Furthermore, other hypoxic target genes, like 
BCL2 like 10 (Bcl2l10), metallothionein 1 (Mt1) and 2 (Mt2), epidermal growth 
factor (Egf) and Epo, were still induced in both HIF1A knock-downs after hypoxic 
preconditioning. 
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Abstract
Hypoxic preconditioning stabilizes hypoxia-inducible factor (HIF) 1a in the retina and protects photoreceptors against light-induced
cell death. HIF-1a is one of the major transcription factors responding to low oxygen tension and can differentially regulate a large
number of target genes. To analyse whether photoreceptor-specific expression of HIF-1a is essential to protect photoreceptors by
hypoxic preconditioning, we knocked down expression of HIF-1a specifically in photoreceptor cells, using the cyclization recombinase
(Cre)–lox system. The Cre-mediated knockdown caused a 20-fold reduced expression of Hif-1a in the photoreceptor cell layer. In the
total retina, RNA expression was reduced by 65%, and hypoxic preconditioning led to only a small increase in HIF-1a protein levels.
Accordingly, HIF-1 target gene expression after hypoxia was significantly diminished. Retinas of Hif-1a knockdown animals did not
show any pathological alterations, and tolerated hypoxic exposure in a comparable way to wild-type retinas. Importantly, the strong
neuroprotective effect of hypoxic preconditioning against light-induced photoreceptor degeneration persisted in knockdown mice,
suggesting that hypoxia-mediated survival of light exposure does not depend on an autocrine action of HIF-1a in photoreceptor cells.
Hypoxia-mediated stabilization of HIF-2a and phosphorylation of signal transducer and activator of transcription 3 (STAT 3) were not
affected in the retinas of Hif-1a knockdown mice. Thus, these factors are candidates for regulating the resistance of photoreceptors to
light damage after hypoxic preconditioning, along with several potentially neuroprotective genes that were similarly induced in
hypoxic knockdown and control mice.
Introduction
Photoreceptor degeneration is common to many blinding diseases,
including retinitis pigmentosa and age-related macular degeneration.
Whereas retinitis pigmentosa is a monogenetic disorder primarily
affecting photoreceptors, the pathology of age-related macular
degeneration is complex and involves the death of cells of the retinal
pigment epithelium and of photoreceptors, changes in Bruch’s
membrane, formation of Drusen and – in the wet form of the disease
– neovascularization. To mimic photoreceptor degeneration as part of
the retinal pathology in these diseases, mice are exposed to cytotoxic
levels of white light, which triggers apoptosis in photoreceptors
(Wenzel et al., 2005). Different strategies, such as hypoxic and
ischemic preconditioning, have been shown to inhibit cell death and to
protect non-neuronal as well as neuronal tissues – including the retina
– from apoptosis (Gage & Stanton, 1996; Barone et al., 1998; Roth
et al., 1998; Gidday et al., 1999; Grimm et al., 2002; Tanaka et al.,
2002; Zhang et al., 2002; Sharp et al., 2004; Zhu et al., 2007). The
underlying pro-survival mechanisms are not completely understood.
However, it is clear that cells respond to hypoxia with the differential
regulation of genes driven by several major transcription factors.
Among those, hypoxia-inducible factors (HIFs) are the most prom-
inent proteins regulating the tissue response to low oxygen levels. The
HIF family consists of three identiﬁed members, with HIF-1 being the
best-characterized protein (Bruick & McKnight, 2002). It is a
heterodimeric transcription factor consisting of the HIF-1a and HIF-
1b subunits. Both proteins are ubiquitously expressed, with HIF-1a
being post-translationally regulated by oxygen availability (Wang &
Semenza, 1993, 1995). Under normoxic conditions, prolylhydroxy-
lases (PHDs) hydroxylate HIF-1a at speciﬁc proline residues (Bruick
& McKnight, 2001; Ivan et al., 2001; Jaakkola et al., 2001), providing
the substrate for the von Hippel-Lindau protein, which initiates the
cumulative binding of ubiquitin to the protein. This ﬁnally results in
the efﬁcient degradation of HIF-1a via the proteosomal degradation
pathway (Salceda & Caro, 1997; Huang et al., 1998). Additionally,
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factor inhibitingHIF (FIH)hydroxylatesHIF-1a at an asparagine residue
in the transactivation domain to inhibit the binding of transcriptional
cofactors (Mahon et al., 2001). Under hypoxic conditions, the hydroxy-
lases fail to hydroxylate HIF-1a, resulting in its stabilization and
activation. Stabilized HIF-1a is transferred into the nucleus, where it
binds its partnerHIF-1b to formHIF-1,which differentially regulates the
expression of many genes involved in apoptosis, cell survival, angio-
genesis and metabolism (Bruick & McKnight, 2002).
Many reports have connected HIF-1a to tissue protection and
neuroprotection (Ran et al., 2005; Siddiq et al., 2005; Hill et al., 2008;
Rosenberger et al., 2008). Recently, it was reported that cardioprotec-
tion against ischemia–reperfusion after ischemic preconditioning
requires HIF-1a expression (Cai et al., 2008) and that neuronal ablation
of HIF-1a enhances pathological effects after cerebral ischemia
(Baranova et al., 2007). In the retina, HIF-1a was found, in association
with heat shock protein 27, nitric oxide synthase or heme oxygenase-1,
to protect against ischemia after ischemic preconditioning (Whitlock
et al., 2005; Kaur et al., 2006; Zhu et al., 2007). Additionally, the level
of HIF-1a stabilization after hypoxic preconditioning correlated with
the degree of photoreceptor protection from light-induced degeneration
(Grimm et al., 2002). Part of this neuroprotective response was
attributed to erythropoietin (Grimm et al., 2002), which, as newer data
indicate, may mainly be regulated by HIF-2 and not by HIF-1 (Rankin
et al., 2007). This suggests that HIF-2 may have neuroprotective
activity affecting cell survival after a toxic insult. To date, the impact of
HIF-1a on retinal neuroprotection after hypoxic preconditioning has
not been analysed in detail. Using tissue-speciﬁc knockdown mice, we
analysed whether photoreceptors require intrinsic activity of HIF-1a to
survive light exposure after hypoxic preconditioning.
Materials and methods
Animals
Animals were treated in accordance with the regulations of the
Veterinary Authority of Zurich and with the statement of ‘The
Association for Research in Vision and Ophthalmology’ for the use
of animals in research. Mice carrying a ﬂoxed exon 2 of HIF-1a
(HIF-1aF ⁄ F) (Ryan et al., 2000) were kindly provided by R. Johnson
(UCSD, San Diego, CA, USA) and M. Gassmann (University of
Zurich, Zurich, Switzerland), and PrP-Cre-ERT(28.4) mice (Weber
et al., 2001) were obtained from P. Chambon (IGBMC, Strasbourg,
France). LMOPC1 mice [expressing cyclization recombinase (Cre)
under the control of the rod opsin promoter] have been described
previously (Le et al., 2006). To generate conditional knockdown mice,
HIF-1aF ⁄ F mice were bred with PrP-Cre-ERT(28.4) mice or with
LMOPC1 mice, according to classical breeding schemes. All mouse
strains analysed were maintained on a homozygous Rpe65450Leu
background (Wenzel et al., 2003). To simplify matters, LMOPC1:
HIF-1aD ⁄ D mice were named OpnCre(HIF-D), and HIF-1aF ⁄ F control
mice were named OpnCre(HIF-wt). PrP-Cre-ERT(28.4) mice required
tamoxifen (TAM) to induce Cre activity. TAM was dissolved in
sunﬂower oil (Sigma-Aldrich, Buchs, Switzerland) to obtain a
concentration of 10 mg ⁄mL. TAM (1 mg ⁄ 40 g) was injected intra-
peritoneally into 3-week-old animals twice a day for ﬁve consecutive
days. Control injections were performed with oil only. After
injections, mice were allowed to recover for 2 weeks before exper-
iments were performed. In keeping with the above nomenclature,
TAM-treated knockdown animals [PrP-Cre-ERT(28.4):HIFD ⁄ D] were
named PrpCre(HIF-D), and oil-treated PrP-Cre-ERT(28.4):HIFF ⁄ F con-
trol mice were named PrpCre(HIF-wt). For tissue isolation and analysis,
mice were killed by CO2 anesthesia followed by cervical dislocation.
Hypoxic preconditioning and light exposure
Hypoxic preconditioning (6–7% O2 for 6 h) was performed as
described previously (Grimm et al., 2002). After hypoxia, mice were
killed at the indicated time points for tissue collection or were dark
adapted for 4 h before light onset. For light exposure, pupils of mice
were dilated in dim red light using 1% cyclogyl (Alcon, Cham,
Switzerland) and 5% phenylephrine (Ciba Vision, Niederwangen,
Switzerland) 45 min prior to illumination. After light exposure
(13 000 lux; 2 h), animals remained in darkness overnight and were
analysed after 36 h or at the time points indicated.
Morphology and cell death detection
To analyse morphology, mice were killed 36 h after light exposure.
Eyes were enucleated and processed for light microscopy as
previously described (Samardzija et al., 2006). A digitalized Axiovi-
sion microscope (Carl Zeiss Microscopy, Jena, Germany) using ·40
objective lenses with a numerical aperture of 1.3 was used to examine
slides. Representative images were taken from the inferior temporal
retina. To balance for staining variabilities, contrast and brightness
were sometimes slightly adjusted. As a semiquantitative assessment of
apoptosis, nucleosomal release was determined at 36 h after light
exposure, using a cell death detection kit (Roche Diagnostics, Basel,
Switzerland), according to the manufacturer’s recommendation.
RNA isolation and real-time PCR
Retinas were isolated immediately after hypoxic preconditioning,
frozen in liquid nitrogen and stored at )80C. Normoxic controls were
treated in parallel and collected at the same time points. Total retinal
RNA was extracted using the RNeasy isolation kit (Qiagen, Hilden,
Germany), including a DNase treatment to digest residual genomic
DNA. cDNA was prepared from equal amounts of total retinal RNA
using oligo(dT) primers and Moloney murine leukemia virus reverse
transcriptase (Promega, Madison, WI, USA). Five nanograms of
cDNA was ampliﬁed in a LightCycler 480 instrument (Roche
Diagnostics AG, Rotkreuz, Switzerland) using LightCycler 480
SYBR Green I Master Mix (Roche Diagnostics AG, Rotkreuz,
Switzerland) and appropriate primer pairs (Table 1). cDNA levels
were normalized to b-actin, and relative values were calculated using a
respective calibrator. At least eight independent samples were used for
each condition in PrpCre mice and ﬁve in OpnCre mice.
Western blotting
Retinas were soniﬁed in 0.1 m Tris-HCl (pH 8.0) at 4C, and protein
content was determined using a BCA Protein Assay Kit (Pierce,
Rockford, IL, USA). Protein extracts were mixed with sodium
dodecylsulfate (SDS) sample buffer and incubated for 10 min at
95C. Proteins were separated by SDS polyacrylamide gel electro-
phoresis and blotted onto a nitrocellulose membrane. After blocking
with 5% non-fat dry milk (Bio-Rad, Munich, Germany) in 10 mm
Tris-HCl (pH 8), 150 mm NaCl and 0.05% Tween-20, membranes
were incubated with primary antibodies at 4C overnight. Primary
antibodies used were as follows: rabbit anti-HIF-1a (Novus Biolog-
icals NB, Littleton, CA, USA; 100–479; 1 : 1000); rabbit anti-
phospho-signal transducer and activator of transcription 3 (STAT3)
(Cell Signaling, Danvers, MA, USA; #9131; 1 : 500); rabbit anti-
STAT3 (Cell Signalling; #9132; 1 : 1000); rabbit anti-HIF-2a (Novus
Biologicals; 100–480; 1 : 500); and goat anti-b-actin (Santa Cruz,
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Santa Cruz, CA, USA; sc1616; 1 : 1000). After incubation with
horseradish peroxidase-labeled secondary antibodies for 1 h at room
temperature, the protein bands were visualized by the application of a
chemiluminescent substrate (PerkinElmer, Boston, MA, USA) and
exposure to a Super RX ﬁlm (Fujiﬁlm, Dielsdorf, Switzerland). For
protein analyses, at least four individual samples were used for each
condition.
Immunofluorescence
Eyes were isolated and incubated for 10 min in phosphate-buffered
saline (PBS) containing 4% paraformaldehyde. The cornea and lens
were removed, and the remaining tissue, including the retina, was
incubated for another 15 min in 4% paraformaldehyde. Eyecups were
then kept in 30% sucrose and embedded in cryoprotective medium
(Jung, Nussloch, Germany). Twelve-micrometer sections were cut,
and cryoslides were blocked in a humid chamber with PBS containing
3% normal goat serum and 0.3% Triton X-100. Slides were incubated
with rabbit anti-HIF-1a antibody (Novus Biologicals; 100–654;
1 : 100). After being washed with PBS, slides were incubated with
Cy3-labeled secondary antibodies (Jackson ImmunoResearch Europe,
Newmarket, UK), for 1 h at room temperature, washed with PBS,
counterstained with 4¢,6-diamidino-2-phenylindole dilactate (Molecu-
lar Probes, Invitrogen, Carlsbad, CA, USA) and mounted with Mowiol
4-88 Reagent (VWR International AG, Lucerna, Switzerland).
Immunoﬂuorescent stainings were analysed with a digitalized Axio-
vision microscope (Carl Zeiss Microscopy) using ·20 objective lenses
with a numerical aperture of 0.5. Stainings on normoxic and hypoxic
samples were performed in parallel on the same slide.
Laser capture microdissection
For laser capture microdissection (LCM), eyes were enucleated,
embedded in RNase-free cryoprotective medium (Jung) and stored at
)80C. Samples were cut (12 lm) and transferred to nuclease-free and
human nucleic acid-free membrane slides (Molecular Machines &
Industries, Glattbrugg, Switzerland). Prior to LCM, samples were
incubated with acetone (5 min), 99.9% ethanol (30 s) and xylol
(5 min). After acetone and xylol incubation, slides were dried for 5
and 30 min, respectively. Laser-captured tissues were collected in
tubes with an adhesive lid (Molecular Machines & Industries) and
stored at )80C. RNA was isolated using the RNeasy Micro Kit
(Qiagen) according to the manufacturer’s recommendations, including
a DNase treatment to digest residual genomic DNA. cDNA synthesis
and analyses were performed as described above.
Statistical analyses
For statistical validations of gene expression, we used unpaired, two-
tailed Student t-tests for the individual comparisons between wild-type
and knockdown mice in normoxia or hypoxia, respectively. F-values,
t-ratios (t), degrees of freedom (d.f.) and number of samples (n) are
given for each analysis in the main text. One-way anova with
Bonferroni post-tests was used to compare the cell death of normoxic
and hypoxic wild-type or knockdown mice, respectively, with
controls. F-values, total (treatment plus residual) d.f., t-ratios (t) for
each post-test, and number of samples (n), as well as whether P-values
were above or below the level of signiﬁcance (P > 0.05 or P < 0.05)
are given in the Results. All calculations were performed using Prism
software (GraphPad Prism Software Inc., San Diego, CA, USA).
Results
HIF-1a is expressed in all retinal cell layers
The Hif-1a gene is ubiquitously expressed in almost all eukaryotic
cells. To analyse the mRNA expression of Hif-1a and its family
member Hif-2a in the different layers of the mouse retina, we isolated
the outer nuclear layer (ONL), the inner nuclear layer (INL) and the
ganglion cell layer (GCL) by LCM of normoxic adult PrpCre(HIF-wt)
mice, and analysed gene expression by reverse transcription polymer-
ase chain reaction. Whereas mRNAs of the control genes Gnat1
(encoding transducin) (ONL), Chx10 (encoding visual system homeo-
box 2) (INL) and Opn4 (encoding melanopsin) (GCL) were mainly
detected in their expected layers, Hif-1a and Hif-2a were expressed in
all layers of the retina (Fig. 1A).
To analyse the protein distribution of HIF-1a, we performed
immunostaining on normoxic and hypoxic retinas. In normoxic mice,
HIF-1a protein is rapidly degraded and is therefore hardly detectable.
Nevertheless, immunostaining for HIF-1a showed some residual
protein in the normoxic GCL (Fig. 1B). During hypoxia, HIF-1a
protein is stabilized, and a strong accumulation of HIF-1a was
observed in the GCL and INL (Fig. 1B), as reported previously (Ozaki
et al., 1999; Zhu et al., 2007). In addition, we also observed intense
HIF-1a staining in the ONL, supporting our RNA data indicating that
HIF-1a is expressed in all retinal cell layers.
Table 1. Primer pairs used for polymerase chain reaction
Gene Forward primer Reverse primer Size of product (bp)
b-Actin CAACGGCTCCGGCATGTGC CTCTTGCTCTGGGCCTCG 153
Adm TTCGCAGTTCCGAAAGAAGT GGTAGCTGCTGGATGCTTGTA 77
Bcl2l10 GAACTTTCTGTATAATCTGCTCATGG TGAAGAAGCGGCAAAAGC 89
Bnip3 CCTGTCGCAGTTGGGTTC GAAGTGCAGTTCTACCCAGGAG 93
Chx10 CCAGAAGACAGGATACAGGTG GGCTCCATAGAGACCATACT 111
Egf CATGCCCCACAGGATTTG GGGCAGGAAACAAGTTCGT 64
Egln1 CATTGTTGGCAGAAGGTGTG CAAAGGACTACAGGGTCTCCA 70
Epo GCCCTGCTAGCCAATTCC GGCGACATCAATTCCTTCTG 128
Glut1 ATGGATCCCAGCAGCAAG CCAGTGTTATAGCCGAACTGC 92
Gnat1 GAGGATGCTGAGAAGGATGC TGAATGTTGAGCGTGGTCAT 209
Hif-1a TCATCAGTTGCCACTTCCCCAC CCGTCATCTGTTAGCACCATCAC 198
Hif-2a GGAGCTCAAAAGGTGTCAGG CAGGTAAGGCTCGAACGATG 61
Mt1 GAATGGACCCCAACTGCTC GCAGCAGCTCTTCTTGCAG 104
Mt2 TCTTCAAACCGATCTCTCGTCG CAGCAGCTTTTCTTGCAGGAAG 94
Opn4 CCAGCTTCACAACCAGTCCT CAGCCTGATGTGCAGATGTC 111
Vegf ACTTGTGTTGGGAGGAGGATGTC AATGGGTTTGTCGTGTTTCTGG 171
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Deletion of Hif-1a in photoreceptor cells
The stabilization of HIF-1a in the ONL during hypoxia suggests that it
might be needed by photoreceptors to cope with hypoxic stress. To
investigate the role of HIF-1a in photoreceptor cells, we generated two
mouse strains with photoreceptor-speciﬁc deletions of Hif-1a (see
Materials and methods). PrpCre mice express TAM-inducible Cre
under the control of the prion protein promoter (Prp), whereas OpnCre
mice express Cre under the control of the rod opsin promoter. Both
mouse lines have been reported to express Cre speciﬁcally in
photoreceptor cells (Weber et al., 2001; Le et al., 2006). To generate
PrpCre(HIF-D) mice, PrpCre(HIF-wt) mice were treated with TAM to
delete Hif-1a in the adult retina, leaving postnatal retinal development
undisturbed. Oil-treated PrpCre(HIF-wt) mice served as controls. After a
recovery phase of 2 weeks after the last TAM (or oil) injection, we
performed experiments in PrpCre(HIF-D) and PrpCre(HIF-wt) mice at
6 weeks of age. Likewise, OpnCre(HIF-D) mice, which start to delete
the ﬂoxed target sequence at postnatal day (PND) 7 (Le et al., 2006)
and OpnCre(HIF-wt) control mice were 6 weeks of age when used for
experiments.
To determine the knockdown efﬁciency in the two strains, we
isolated total retinal mRNA and protein of at least ﬁve independent
mice. In normoxic OpnCre(HIF-D) mice, Hif-1a mRNA levels were
signiﬁcantly (P = 0.019, F = 3.409, t = 2.919, d.f. = 8, n = 5 for each
strain) reduced, to nearly 50% of those of control mice (Fig. 2A, left
panel).
As this analysis included RNA from cells of the INL and GCL,
which do not (or do not strongly) express Cre, most of the detected
Hif-1a mRNA in retinas of OpnCre(HIF-D) mice was likely to be
expressed in cells other than photoreceptors. Under hypoxic condi-
tions, Hif-1a RNA levels were not signiﬁcantly (P = 0.117,
F = 2.470, t = 1.756, d.f. = 8, n = 5 for each strain) different from
those of controls, suggesting an incomplete deletion of the Hif-1a gene
in photoreceptors. In PrpCre(HIF-D) mice, Hif-1a RNA levels were
strongly and signiﬁcantly reduced to 35% of those of controls in both
normoxic (P = 0.0003, F = 6.263, t = 4.810, d.f. = 14, n = 8 for each
strain) and hypoxic (P = 0.0001, F = 2.355, t = 8.655, d.f. = 14,
n = 8 for each strain) retinas (Fig. 2A, right panel). LCM was used to
test the speciﬁcity of Hif-1a deletion in retinas of PrpCre(HIF-D) mice.
The ONL had 20-fold reduced Hif-1a RNA levels as compared to
controls (Fig. 2B). As expression of Hif-1a is not regulated at the gene
level, these data indicate that only between 5 and 10% of the cells in
the ONL still express both or one allele of Hif-1a, respectively. Thus,
at least 90% of photoreceptors are genuine Hif-1a knockout cells,
whereas the other cells are either heterozygous or wild type for Hif-1a.
In contrast, cells of the INL and GCL of PrpCre(HIF-D) mice showed
only a two-fold reduced expression of Hif-1a mRNA, indicating that
Hif-1a deletion was restricted mainly but not exclusively to photo-
receptor cells. Although most cells in the ONL are knockouts, on a
tissue level (whole retina), PrpCre(HIF-D) mice are, rather, knockdowns
for HIF-1a. The reason for the reduced Hif-1a RNA levels in the INL
and GCL is not known, but they may be due to Cre activity in some
cells other than photoreceptors. The general integrity of gene
expression in Cre-expressing PrpCre(HIF-D) mice was not affected, as
suggested by the normal RNA levels of Chx10 in the INL and Gnat1
in the ONL (data not shown).
To investigate the effect of the Hif-1a deletion on protein levels, we
performed western blotting of normoxic or hypoxic preconditioned
PrpCre(HIF) and OpnCre(HIF) mice (Fig. 2C). As expected, we
observed only very faint bands in normoxic animals and strong
stabilization of HIF-1a in hypoxic control animals. The comparison
between hypoxic PrpCre(HIF-wt) and PrpCre(HIF-D) mice showed that
the HIF-1a protein levels were dramatically reduced in knockdown
mice (Fig. 2C). In fact, they seemed to reach almost the basal levels of
normoxic mice, indicating that the knockdown efﬁciency was very
high at the protein level. In contrast, OpnCre(HIF-D) mice showed less
pronounced reduction of HIF-1a protein expression during hypoxia
when compared to control levels.
In conclusion, PrpCre(HIF-D) mice showed a very strong reduction of
Hif-1a expression, predominantly in photoreceptor cells. OpnCre(HIF-D)
mice presented a less severe reduction, with more HIF-1a protein
remaining in the retina after hypoxic exposure.
Reduced HIF-1a target gene expression in knockdown mice
Hif-1a regulates the expression of many genes during hypoxia. To
analyse the effect of reduced HIF-1a protein levels on Hif-1a target
gene expression after hypoxic preconditioning, we determined mRNA
expression levels in normoxic and hypoxic retinas (Fig. 3). The EGL
Fig. 1. Distribution of HIF-1a mRNA and protein in the retina. (A) HIF-1a and HIF-2a mRNA expression in the outer nuclear layer (ONL), inner nuclear layer
(INL) and ganglion cell layer (GCL) isolated by laser capture microdissection. Captured fragments of three mice were pooled and analysed by conventional real-time
polymerase chain reaction. HIF-1a and HIF-2a expression was observed in all retinal cell layers. Gnat1 (ONL marker), Chx10 (INL marker) and Opn4 (GCL marker)
served as indicators for the purity of the isolated tissue fragments (note that minor cross-contaminations were detected). Total retinal RNA was used as positive
control. (B) Protein distribution of HIF-1a in the retina of normoxic mice and immediately after hypoxia (6% O2; 6 h). Immunoﬂuorescence staining indicates stable
HIF-1a protein in the GCL during normoxia and the stabilization of HIF-1a protein in the whole retina during hypoxia. A normoxic retina served as a negative
control, incubated with the secondary antibody (Cy3 anti-rabbit) alone. Scale bar: 25 lm.
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nine homolog 1 gene (Egln1) encodes PHD2, which is required for the
oxygen-dependent degradation of HIF-1a (Bruick & McKnight, 2001;
Ivan et al., 2001; Jaakkola et al., 2001). In PrpCre(HIF-wt) mice and
OpnCre(HIF-wt) mice, Egln1 RNA levels were induced ﬁvefold to
sixfold immediately after hypoxia (Fig. 3). The Egln1 induction was
signiﬁcantly suppressed by more than 50% in PrpCre(HIF-D) mice
(P < 0.0001, t = 7.142, F = 1.501, d.f. = 14, n = 8 for each strain)
and by about 30% in OpnCre(HIF-D) mice (P = 0.0072, F = 2.562,
t = 3.579, d.f. = 8, n = 5 for each strain). Similarly reduced mRNA
levels after hypoxia were found in the PrpCre(HIF-D) strain for other
HIF-1a target genes, such as the pro-apoptotic gene Bnip3 (encoding
BCL2 ⁄ adenovirus E1B interacting protein 3) (P = 0.0001, F = 2.981,
t = 6.261, d.f. = 14, n = 8 for each strain), the potentially anti-
apoptotic genes Vegf (encoding vascular endothelial growth factor)
(P = 0.0011, F = 2.980, t = 4.085, d.f. = 14, n = 8 for each strain)
and Adm (encoding adrenomedullin) (P = 0.0002, F = 1.284,
t = 4.884, d.f. = 14, n = 8 for each strain) as well as Glut1 [encoding
solute carrier family 2 (facilitated glucose transporter), member 1]
(P < 0.0001, F = 1.157, t = 9.052, d.f. = 14, n = 8 for each strain).
RNA levels were also reduced in the hypoxic OpnCre(HIF-D) mice, but
reached signiﬁcance only for Egln1 (see above) and Glut1
(P = 0.0362, F = 2.023, t = 2.514, d.f. = 8, n = 5 for each strain).
The milder reduction of hypoxic mRNA expression in OpnCre(HIF-D)
mice than in PrpCre(HIF-D) mice nicely reﬂects the different knock-
down efﬁciencies in the two strains.
Normal retinal development and retinal resistance to hypoxia
in mice with reduced HIF-1a levels
It has been reported that TAM treatment in patients after breast cancer
surgery can very occasionally cause mild pathogenic changes in the
retina (Heier et al., 1994; Tang et al., 1997; Bourla et al., 2007). On
the other hand, small doses of TAM have been shown to promote
neuroprotection (Zhang et al., 2007; Wakade et al., 2008). However,
neither TAM nor oil treatment had an obvious effect on retinal
morphology in control mice up to 4 months post-injection (Fig. 4A).
Additionally, wild-type mice treated with oil and TAM were equally
susceptible to light-induced retinal degeneration 2 weeks after TAM
application (data not shown), indicating that TAM neither impaired
normal retinal morphology nor protected the retina against a toxic light
insult per se.
As HIF-1a has been shown to be important for coping with hypoxic
conditions in neurons (Vangeison et al., 2008), and as the retina
Fig. 2. Efﬁciency of HIF-1a knockdown in the outer nuclear layer (ONL). Gene and protein expression was analysed in mice held in normoxia or in mice
immediately after exposure to hypoxia (6% O2; 6 h). (A) Total retinal levels of Hif-1a mRNAwere analysed by real-time polymerase chain reaction in opsin-Cre-
mediated (left panel) and PrpCre-mediated (right panel) HIF-1a knockdowns (gray bars) and compared to their respective wild-type controls (white bars). b-Actin
served as reference, and data were normalized to levels of normoxic Cre(HIF-wt) mice (ﬁrst bar of each panel). Under normoxic conditions, OpnCre(HIF-D) mice
displayed HIF-1a mRNA levels that were signiﬁcantly (*P = 0.0193, n = 5) reduced, by 50%. After hypoxia, no signiﬁcant (P = 0.117, n = 5) differences were
detectable. HIF-1a deletion in PrpCre(HIF-D) mice was very efﬁcient, and signiﬁcantly reduced expression of Hif-1a to 35% of control levels under both normoxic
(***P = 0.0003, n = 8) and hypoxic (***P = 0.0001, n = 8) conditions. Means ± standard deviations are given. Statistical validations were performed using
unpaired, two-tailed t-tests. (B) Hif-1a RNA expression in normoxic PrpCre(HIF-D) (gray bars) mice as compared with normoxic PrpCre(HIF-wt) (white bar) mice in the
ONL, inner nuclear layer (INL) and ganglion cell layer (GCL) after laser capture microdissection. For each retinal layer, tissue was pooled from three individual
mice. b-Actin expression served as reference, and data were normalized to expression levels of PrpCre(HIF-wt) in each individual layer (set to 1). Hif-1a RNA
expression was reduced 20-fold in the ONL of PrpCre(HIF-D) mice but only two-fold in the INL and GCL. Mean values ± standard deviations of three mice are
shown. (C) Western blot analysis of retinal HIF-1a protein expression in normoxic and hypoxic HIF-1a knockdown and wild-type mice as indicated. Only
faint protein bands were observed under normoxic conditions. After hypoxia, HIF-1a protein expression was increased in retinas of control OpnCre(HIF-wt) and
PrpCre(HIF-wt) mice. In hypoxic OpnCre(HIF-D) mice, HIF-1a protein levels were only slightly diminished, but hypoxic PrpCre(HIF-D) mice showed severely reduced
HIF-1a protein expression. Representative blots of four mice are shown.
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becomes borderline hypoxic during dark phases (Cringle et al., 2002),
we investigated whether the absence of HIF-1a from photoreceptors in
PrpCre(HIF-D) mice during normoxia or hypoxia would be harmful to
the retina even without subsequent exposure to damaging light.
PrpCre(HIF-wt) and PrpCre(HIF-D) mice were kept in a standard animal
facility with a 12 : 12-h day ⁄ night cycle for 4 months. During this
time, no obvious morphological alterations appeared, and the retinas
of control and knockdown mice were similar (Fig. 4B, upper panels).
Surprisingly, even a short period of severe hypoxia (6%, 6 h) followed
by a recovery period of 4 weeks did not induce any noticeable
changes in the retina of PrpCre(HIF-D) mice (Fig. 4B, lower panels).
During postnatal development, HIF-1a is strongly upregulated from
PND5 to PND14 (Ozaki et al., 1999; Grimm et al., 2005). Although
excision of a large percentage of ﬂoxed sequences by the opsin-driven
Cre requires several weeks, recombination inOpnCremice starts around
PND7 (Le et al., 2006). We therefore investigated whether early loss of
HIF-1a in some photoreceptors might inﬂuence retinal development.
However, we did not observe any changes in the retinal morphology of
OpnCre(HIF-D) mice at 6 weeks of age (Fig. 4C). Also, retinal
susceptibility to light damage seemed to be unimpaired (Fig. 5).
We conclude that photoreceptors can cope with acute (6% oxygen
for 6 h) or mild (normal light ⁄ dark cycle) hypoxic stress in the almost
complete absence of their own HIF-1a. We next investigated the
inﬂuence of photoreceptor-speciﬁc HIF-1a in a pathological situation
by analysing photoreceptor survival after hypoxic preconditioning and
light exposure.
Neuroprotection after hypoxic preconditioning is independent
of HIF-1a stabilization in photoreceptor cells
To determine whether HIF-1a in photoreceptor cells is required to
establish the neuroprotective effect of hypoxic preconditioning, we
compared light-induced photoreceptor death in hypoxic precondi-
tioned control and knockdown mice. To quantify apoptosis, we
measured the release of nucleosomes as indicators of ongoing
apoptosis at 36 h after the toxic light insult (Fig. 5A and B). Non-
exposed dark control mice of all strains showed only basal levels of
free nucleosomes (Fig. 5A and B). Similarly, retinal morphology was
normal (Fig. 5C, upper panels). Normoxic PrpCre(HIF-wt) mice
[P < 0.05, F = 6.349, d.f. = 15, t = 2.903, n = 3 (control), n = 7
(normoxia)] and PrpCre(HIF-D) mice [P < 0.0001, F = 264.4,
d.f. = 12, t = 18.18, n = 3 (control), n = 5 (normoxia)] showed
signiﬁcant cell death when compared to their respective controls.
Thus, these mice were susceptible to light damage, as expected
(Fig. 5A). Hypoxic preconditioning protected against light-induced
apoptosis independently of the presence of HIF-1a in photoreceptors.
Cell death in both light-exposed PrpCre(HIF-wt) mice [P > 0.05,
F = 6.349, d.f. = 15, t = 0.4745, n = 3 (control), n = 6 (hypoxia)]
and light-exposed PrpCre(HIF-D) mice [P > 0.05, F = 264.4, d.f. = 12,
t = 0.3677, n = 3 (control), n = 5 (hypoxia)] was not signiﬁcantly
different from that in dark controls. Similar results were obtained with
the OpnCre mice. Again, light exposure did not cause signiﬁcantly
elevated levels of free nucleosomes in hypoxic preconditioned
OpnCre(HIF-wt) mice [P > 0.05, F = 3.541, d.f. = 15, t = 0.002733,
n = 3 (control), n = 4 (hypoxia)] or OpnCre(HIF-D) mice (P > 0.05,
F = 2.745, d.f. = 13, t = 0.008509, n = 3 (control), n = 4 (hypoxia)]
as compared to controls (Fig. 5B). These data were morphologically
conﬁrmed by the presence of a large number of pycnotic photorecep-
tor nuclei (Fig. 5C, middle panels, arrowheads) and disintegrated outer
and inner segments in light-exposed normoxic wild-type and knock-
down mice. Hypoxic preconditioning, however, strongly protected
retinal morphology against light damage independently of the
presence of HIF-1a in photoreceptors. Only a few scattered pycnotic
nuclei were present, leaving the majority of photoreceptor cells
unaffected by light exposure (Fig. 5C, lower panels). Analyses of
Fig. 3. Expression of HIF-1a target genes in total retina. mRNA levels of HIF-1a target genes were determined immediately after hypoxia or in normoxic controls
in total retinal RNA. mRNA expression in OpnCre(HIF-D) and PrpCre(HIF-D) mice (gray bars) was compared to that in OpnCre(HIF-wt) and PrpCre(HIF-wt) control mice
(white bars). Expression levels of normoxic (N) Cre(HIF-wt) mice (ﬁrst bars) were set to ‘1’. b-Actin expression served as a reference. Expression levels in normoxic
Cre(HIF-wt) and Cre(HIF-D) mice were comparable. During hypoxia (H), all tested HIF-1a target genes were induced in control mice. In hypoxic PrpCre(HIF-D) mice, the
induction of all tested HIF-1a target genes was signiﬁcantly repressed (***P = 0.0002; **P = 0.0011; n = 5). Hypoxic OpnCre(HIF-D) mice showed a milder effect,
which reached signiﬁcance only for Egln1 (**P = 0.0072, n = 5) and Glut1 (*P = 0.0362, n = 5). Means ± standard deviations are shown. Statistical validations
were performed using unpaired, two-tailed t-tests.
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heterozygous Hif-1a knockout mice lacking 50% of total Hif-1a RNA
and protein in the retina showed similar results (data not shown).
Although we successfully deleted HIF-1a from most photoreceptor
cells, hypoxic preconditioning still conferred a strong neuroprotective
effect, rescuing photoreceptors from light damage. This indicates that
protection of visual cells by hypoxic preconditioning does not depend
on HIF-1a stabilization in photoreceptors.
Alternative mechanisms for neuroprotection after hypoxic
preconditioning
Hypoxia activates several transcription factors in addition to HIF-1a
(Kenneth & Rocha, 2008), leading to the potential regulation of a
variety of HIF-1a-independent genes. Here we analysed selected
genes with potential neuroprotective properties, which have been
found to be differentially regulated during hypoxia in the wild-type
retina (Thiersch et al., 2008). In Hif-1a wild-type mice, we found
strong, hypoxia-driven induction of the anti-apoptotic gene Bcl2l10
(encoding B-cell lymphoma 2-like 10), of Mt1 ⁄ 2 (encoding
metallothioneins 1 and 2), Egf (encoding endothelial growth factor)
and Epo (encoding erythropoietin) (Fig. 6A, white bars). This
induction was not affected in Hif-1a knockdown mice (Fig. 6A,
gray bars). The only exception was Egf, whose expression was even
slightly induced in hypoxic PrpCre(HIF-D) mice (P = 0.0156,
F = 2.332, t = 2.751, d.f. = 14, n = 8 for each strain). This suggests
that these genes might be controlled by transcription factors
different from HIF-1. Potential candidates are HIF-2 or STAT3,
which were activated by hypoxic exposure in both control and
knockdown mice (Fig. 6B). Metal-regulatory transcription factor 1
(MTF-1), which is strongly expressed in the normoxic and hypoxic
retina (Supporting information, Fig. S1), might be involved in the
hypoxic regulation of Mt1 and Mt2 expression (see Discussion). The
genes not affected by the Hif-1a knockdown included Epo, which
has been especially reported to have strong neuroprotective
properties (Sakanaka et al., 1998; Bernaudin et al., 1999; Brines
et al., 2000; Siren et al., 2001; Grimm et al., 2002) and to be
controlled mainly by HIF-2a (Morita et al., 2003; Gruber et al.,
2007; Rankin et al., 2007). Therefore, Epo might function in
photoreceptor protection also in the absence of HIF-1a in photo-
receptors. In conclusion, the knockdown of Hif-1a in photoreceptors
reduced the induction of HIF-1a target genes during hypoxia
without affecting the neuroprotective capacity of hypoxic precondi-
tioning. Several genes with neuroprotective potential (e.g. Mt1 ⁄ 2,
Bcl2l10 and Egf; Fig. 6A), which are not affected by the HIF-1a
knockdown, could potentially participate in the protection of the
retina against light-induced retinal degeneration.
Fig. 4. Intraperitoneal tamoxifen (TAM) application and the ablation of HIF-
1a in photoreceptor cells has no effect on the retinas of normoxic and hypoxic
mice. (A) Mice carrying the ﬂoxed exon 2 of HIF-1a without Cre (HIF-1aF ⁄ F)
were intraperitoneally injected with oil or TAM as indicated. The treatment did
not result in any morphological alterations up to 4 months post-application.
(B) PrpCre-mediated knockdown of HIF-1a did not affect retinal morphology
in normoxic mice or after 6 h of hypoxia (6% O2). Representative panels of
control (PrpCre(HIF-wt)) and knockdown (PrpCre(HIF-D)) mice kept in normoxia
for 4 months after treatment (upper panels) or of mice at 4 weeks after
exposure to hypoxia (lower panels) are shown. (C) An early but moderate
deletion of HIF-1a during development did not interfere with retinal
development, and mice showed normal retinal morphology at 6 weeks of
age. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer; RIS, rod inner segments; ROS, rod outer segments. Scale bar: 25 lm.
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Discussion
Hypoxic preconditioning is a successful strategy with which to inhibit
tissue degeneration. The reported correlation between HIF-1a stabil-
ization and retinal neuroprotection (Grimm et al., 2002; Zhu et al.,
2007) suggested that the activation of HIF-1a plays an important role
in pro-survival mechanisms activated by hypoxic preconditioning.
Here, we analysed the impact of the transcription factor HIF-1a on
neuroprotection using Hif-1a knockdown mice.
Characterization of photoreceptor-specific Hif-1a knockdown
mice
Consistent with a previous report (Zhu et al., 2007), we found HIF-1a
to be expressed and stabilized in all retinal layers during hypoxic
preconditioning. To delete HIF-1a predominantly in photoreceptor
cells, we employed two different mouse strains expressing Cre under
different promoters. TAM-inducible PrpCre deleter mice activate Cre
efﬁciently and predominantly in photoreceptor cells (Weber et al.,
Fig. 5. Role of HIF-1a in retinal neuroprotection. Normoxic or hypoxia-pretreated mice were exposed to 13 000 lux for 2 h and analysed after 36 h. Dark-adapted,
normoxic mice served as negative controls. (A) Relative nucleosomal release was measured as an indicator of apoptotic processes in the retina. Values are expressed
relative to PrpCre(HIF-wt) mice, which were set to ‘1’. Both normoxic PrpCre(HIF-wt) and normoxic PrpCre(HIF-D) mice were susceptible [*P < 0.05, ***P < 0.001;
n = 3 for dark control, n = 7 for normoxic PrpCre(HIF-wt) mice, n = 5 for normoxic PrpCre(HIF-D) mice, one-way anova with Bonferroni post-test] to light damage as
indicated by the increased release of nucleosomes (gray bars). Hypoxic preconditioned PrpCre(HIF-D) mice showed no increased apoptosis after light exposure [not
signiﬁcant (n.s.), P > 0.05, n = 3 for dark control, n = 6 for hypoxic PrpCre(HIF-wt) mice, n = 5 for hypoxic PrpCre(HIF-D) mice, one-way anova with Bonferroni
post-test]. (B) OpnCre mice were analysed as in A. Hypoxic preconditioning resulted in full protection of OpnCre(HIF-wt) and OpnCre(HIF-D) mice (white bars), with
no increased cell death as compared with controls [n.s., P > 0.05, n = 3 for dark control, n = 4 for hypoxic OpnCre(HIF-wt) mice, n = 4 for hypoxic OpnCre(HIF-D)
mice, one-way anova with Bonferroni post-test]. (C) Retinal morphology after light exposure. Dark controls (upper panels) showed normal retinal structure before
light exposure. Normoxic PrpCre(HIF-wt), PrpCre(HIF-D) and OpnCre(HIF-D) mice exposed to light (middle panels) showed severe degeneration of photoreceptor cells,
as indicated by the presence of pycnotic nuclei (arrowheads) and the complete disruption of inner and outer segments. All hypoxic preconditioned mice (lower panel)
were strongly protected against light damage. Means ± standard deviations are shown; numbers of samples (n) are indicated above. ONL, outer nuclear layer; RIS,
rod inner segments; ROS, rod outer segments. Scale bar: 25 lm.
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2001). In our hands, this strain almost completely deleted HIF-1a in
photoreceptors, which was also evidenced by highly reduced HIF-1a
target gene transcription after hypoxia. Deletion with the OpnCre line
was less effective, resulting in higher HIF-1a levels and less reduced
target gene transcription after hypoxia. The knockdown of Hif-1a had
no inﬂuence on retinal morphology of untreated or hypoxic precon-
ditioned mice. As different studies showed a correlation of HIF-1a
induction and retinal neuroprotection (Grimm et al., 2002; Whitlock
et al., 2005; Zhu et al., 2007), we used these mice to analyse the role
of HIF-1a in hypoxic preconditioning-mediated protection and
survival of photoreceptor cells after exposure to high levels of white
light.
HIF-1a in photoreceptor cells is not essential to cope with
severe hypoxia or to drive retinal neuroprotection after
hypoxic preconditioning
Our experiments show that photoreceptors do not need to express
HIF-1a to be protected against light exposure after hypoxic precon-
ditioning. With our approach, however, we cannot exclude the
possibility that HIF-1a in cells of the INL and ⁄ or GCL might
contribute to the protection of photoreceptors through the expression
of diffusible factors.
The exact role of HIF-1a in neuronal tissues during severe
hypoxia or ischemia is controversial. Two studies with a brain-
speciﬁc deletion of HIF-1a demonstrated somewhat contradictory
effects. Whereas Helton et al. (2005) showed that lack of HIF-1a in
the cortex and hippocampus was rather protective against global
ischemia, Baranova et al. (2007) reported that the reduction of
HIF-1a increased the damage after cerebral ischemia. The knock-
downs used in these studies differed in the extent of HIF-1a
ablation. Baranova et al. used a neuron-speciﬁc knockdown,
whereas in the mice reported by Helton et al., HIF-1a deletion
affected additional cell types, including astrocytes. It is of note that
a recent report showed that induction of HIF-1a in astrocytes
accelerated hypoxia-induced neuronal cell death, whereas induction
of HIF-1a in neurons was beneﬁcial for resistance to severe
hypoxia (Vangeison et al., 2008).
In contrast to the neuronal HIF-1a deletion in brain, which showed
increased injury after cerebral ischemia (Baranova et al., 2007),
PrpCre(HIF-D) mice showed no retinal abnormalities after exposure to
hypoxia. One explanation for this difference may be that hypoxia is less
severe than ischemia ⁄ reperfusion. Furthermore, hypoxia allows
substrate exchange and removal of toxic waste products, owing to
the maintained blood ﬂow. Another possible explanation for the retinal
resistance to hypoxia is that the retina might have speciﬁc mechanisms
to deal with low oxygen even in the absence of HIF-1a. The retina is a
tissue with a high metabolic rate, and can become borderline hypoxic,
especially during the night (Cringle et al., 2002). The constant
exposure to mild hypoxia during the night might activate basic hypoxia
response mechanisms that are not exclusively HIF-1a-dependent and
that have the potential to protect against severe hypoxia.
Alternative mechanisms for hypoxia-induced neuroprotection
Recently, similar HIF-1a-independent protection of brain neurons
against cerebral ischemia after hypoxic preconditioning was reported
Fig. 6. Hypoxia-mediated upregulation of pro-survival genes and transcription factors in retinas of HIF-1a knockdown mice. Mice were (H) or were not (N)
exposed to hypoxia, and mRNA or protein expression was analysed immediately after hypoxia. (A) Expression of selected potential pro-survival genes analysed by
real-time PCR. Expression levels of normoxic (N) Cre(HIF-wt) mice of each strain were set to ‘1’ (ﬁrst bar). b-Actin served as a reference. Expression levels of
normoxic Cre(HIF-wt) and Cre(HIF-D) mice were comparable. All genes were strongly induced after hypoxia (H) in control mice as well as in PrpCre(HIF-D) and
OpnCre(HIF-D) mice, with only slight differences (*P = 0.0156, n = 8; unpaired, two-tailed t-tests). Means ± standard deviations of eight mice (PrpCre strains) or of
ﬁve mice (OpnCre strains) are shown. (B) Protein extracts were analysed by western blotting. Comparable induction of HIF-2a and pSTAT3 in OpnCre(HIF-D) and
PrpCre(HIF-D) mice as well as in OpnCre(HIF-wt) and PrpCre(HIF-wt) control mice was observed in hypoxia-pretreated mice. b-Actin and STAT3 were used as loading
controls. Representative blots of four mice are shown.
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(Baranova et al., 2007). In that study, HIF-2a was discussed as a
possible alternative mechanism to HIF-1a-mediated neuroprotection.
In the retina, we also found elevated levels of HIF-2a after hypoxia in
control and knockdown mice (Fig. 6B). Recently, it was shown that
HIF-2a and not HIF-1a may regulate the expression of Epo in vivo
(Morita et al., 2003; Gruber et al., 2007; Rankin et al., 2007) and in
cell culture experiments (Chavez et al., 2006). In line with these
ﬁndings, we observed no or only a small decrease in the induction of
Epo expression in our knockdown strains after hypoxic precondition-
ing. As Epo has proven neuroprotective properties in the brain and the
retina (Bernaudin et al., 1999; Brines et al., 2000; Digicaylioglu &
Lipton, 2001; Grimm et al., 2002; Weishaupt et al., 2004), Epo may
be part of the neuroprotective response in the Hif-1a knockdown
strains.
In addition to HIF-2a, other transcription factors, such as STAT3
and MTF-1, may contribute to the observed protection. STAT3 was
strongly phosphorylated after hypoxic preconditioning, and is usually
connected to anti-apoptotic activities (Stephanou, 2004). Recently,
Ueki et al. suggested a prominent role of STAT3 in leukemia
inhibitory factor-mediated protection of photoreceptors from light-
induced degeneration (Ueki et al., 2008). MTF-1 controls the
expression of Mt1 and Mt2 (Heuchel et al., 1994), which are
expressed in all retinal layers (supporting Fig. S1). Both Mt1 and Mt2
were reported to be upregulated in the hypoxic brain, suggesting that
expression of the metallothioneins encoded by these genes might be
part of a general response to hypoxic exposure (Bernaudin et al., 2002;
Tang et al., 2006). Protecting against oxidative stress (Chen et al.,
2004; Suemori et al., 2006; Nachman-Clewner et al., 2008), Mt1 and
Mt2 may thus participate in the hypoxia-induced resistance against
light damage. Interestingly, it has recently been suggested that hypoxic
induction of Mt1 and Mt2 requires a cooperative interaction between
MTF-1 and HIF-1a (Murphy et al., 2008). As the Hif-1a knockdown
did not affect expression of Mt1 and Mt2, our results may suggest that
MTF-1 does not strictly depend on HIF-1a but might use alternative
factors such as HIF-2a for hypoxic gene expression.
In our earlier analysis of the hypoxic transcriptome of the retina
(Thiersch et al., 2008), we found several additional potential pro-
survival factors that have been connected to cell survival and ⁄ or
protection of the retina against toxic insults. Among the genes
encoding these, Bcl2l10 (Song et al., 1999), Adm (Garayoa et al.,
2000; Miyashita et al., 2006), Vegf (Jin et al., 2000; Nishijima et al.,
2007) and Egf (Hicks et al., 1998) were tested in addition to Epo, Mt1
and Mt2 for their hypoxic regulation in the Hif-1a knockdown retinas.
Only the expression of Vegf and Adm was affected in the PrpCre(HIF-D)
mouse. However, as both genes encode secreted factors, we cannot
exclude the possibility that their production in cells of the INL and ⁄ or
GCL contributed to the protection of photoreceptor cells after hypoxic
preconditioning. All of these genes were expressed either indepen-
dently of HIF-1a or in cell layers where HIF-1a has not been knocked
down. Although a detailed investigation of these genes is still needed,
these factors may well play an active role in protecting photoreceptors
against light damage.
The cell-type-speciﬁc deletion of HIF-1a is an excellent tool with
which to address the role and function of HIF-1a exclusively in
photoreceptor cells. However, the neuronal retina consists of three cell
layers, which form a functional unit with the retinal pigment
epithelium. During hypoxia, HIF-1a is also strongly stabilized in the
GCL and INL, where it might drive expression of neuroprotective
factors that could directly or indirectly protect photoreceptor cells.
Nevertheless, our results demonstrate that photoreceptors do not need
to express their own HIF-1a to maintain the structural integrity of the
retina, despite the borderline hypoxic conditions experienced by
retinal cells during each dark period. Photoreceptors also do not need
to express and stabilize HIF-1a to survive a toxic light exposure after
hypoxic preconditioning. Other factors, such as HIF-2a, STAT3
and ⁄ or MTF-1, may play a role in photoreceptor protection, and it will
be of importance to characterize these factors to develop efﬁcient
neuroprotective strategies.
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Summary: 
In this bookchapter we looked at the retinal expression of several genes involved in 
the JAK/STAT signaling pathway in an induced (light exposure) and an inherited 
(rd1) model for retinal degeneration. We showed that Stat1, Stat2, Stat3 and Stat4 are 
induced in the light exposure model, whereas in the rd1 mouse only Stat3 showed a 
slight induction. Stat5b showed a slight down-regulation after light exposure and a 
slight upregulation in the rd1 mouse. Src-homology containing phosphatase 1 (Shp-1) 
was only induced after light but not in the rd1 mouse. In contrast, Jak3 was induced in 
both, the induced and the inherited model. Expression of the other Janus kinases 
remained at basal levels in both models. In conclusion this showed that, depending on 
the death stimulus, the JAK/STAT pathway can be differentially activated during 
retinal degeneration. 
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4. Concluding discussion 
 
Retinal degeneration diseases like Retinitis Pigmentosa often lead to loss of vision in 
human patients due to photoreceptor cell death by apoptosis. Until today it is largely 
unclear what molecular mechanisms lead to photoreceptor apoptosis. A lot of research 
has been done and is still going on trying to elucidate the cell signaling mechanisms 
and to find out how such death could be prevented to save vision for patients.  
In this thesis I investigated molecular mechanisms of two endogenous survival 
pathways for photoreceptor protection to identify potential targets for future 
therapeutical interventions. The first pathway is characterized by the activation of 
JAK/STAT signaling after photoreceptor injury whereas the second system is induced 
by hypoxic preconditioning.  
The activation of the JAK/STAT signaling pathway by LIF, seems to be a global 
response to many different kinds of photoreceptor degeneration or retinal stress. It has 
been detected during light induced degeneration and in at least three mouse models 
for inherited degeneration (Samardzija et al., 2006a; Joly et al., 2008; Burgi et al., 
2009; Lange et al., 2010b; Lange et al., 2010a) (reference Joly et al. refers to chapter 
3.2.1. of this work and references Lange et al. refer to chapter 3.1.1. and 3.2.3. of this 
work) and in retina-specific VHL knockdown mice (chapter 3.1.3.). 
In this work we showed that LIF can induce different molecular pathways that use 
JAK/STAT signaling, one involving EDN2 and FGF2 and another one involving 
JAK3. We have shown that the second one has no essential function during 
photoreceptor degeneration and the biological significance of its activation is not clear 
(Lange et al., 2010b) (chapter 3.1.1.). Since LIF is a secreted protein produced by a 
subset of Muller cells in the INL, it seems conceivable that newly produced LIF not 
only reaches photoreceptors but also other retinal cells like ganglion cells. Assuming 
that upregulation and secretion of LIF is a general response of Muller cells to any 
retinal stress or damage, it seems possible that a system has been established which 
can discriminate between the different cell types and regulate a molecular response 
which is specific and optimal for the injured cell. Thus, it would be interesting to 
investigate whether LIF-mediated activation of JAK3 may be important for a 
molecular response of injured ganglion cells, for example during glaucoma. Since 
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JAK3 is involved in many types of immune responses, it would also be interesting to 
enlighten its role during ocular immune diseases like autoimmune uveitis.  
The LIF-induced pathway involving EDN2 and FGF2 is an endogenous survival 
pathway that aims at the protection of photoreceptors from damage (chapter 3.2.1.). 
Even though expression of Lif is upregualated early after light exposure (Samardzija 
et al., 2006a), it is not sufficient to render full protection to photoreceptors after acute 
light damage, presumably because damage in most cells is already beyond repair at 
the time of LIF upregulation. Nevertheless, lack of LIF increases the severity of the 
lesion after light exposure suggesting that the system still has the possibility to protect 
some cells in the light damage paradigm (Burgi et al., 2009). In slowly progressing 
inherited degenerations, photoreceptors do not enter the degenerative process as 
simultanously as in the light-induced model. That means that when Muller cells 
upregulate Lif expression after the first cells suffered damage, LIF protein is already 
present to protect and support cells, which are still viable. As a consequence, 
degeneration proceeds slower. In the absence of LIF, such a protection does not 
happen and cells may enter apoptosis earlier. Indeed, degeneration in the VPP mouse 
is induced at a similar postnatal stage with or without endogenous LIF, but proceeds 
much slower in the presence of LIF (Joly et al., 2008) (reference refers to chapter 
3.2.1. of this work). This suggests that LIF might only be able to protect cells 
effectively when the death process has not yet been started. Such a conclusion is 
supported by the observation that preconditioning with moderate levels of light 
protects photoreceptors from a subsequent strong light exposure. Here, the cellular 
stress induced by the preconditioning protocol may elevate LIF levels in the retina to 
a level which is sufficient to protect cells from the following toxic insult (Chollangi et 
al., 2009). Furthermore, intravitreal injections of recombinant LIF in mice protected 
photoreceptors from light induced damage (Ueki et al., 2008). Again, LIF was present 
before the overwhelming light stress.  
The LIF-endogenous survival pathway was also activated during retinal degeneration 
induced by the absence of the VHL tumor suppressor gene (chapter 3.1.3.). According 
to the above hypothesis, we would expect that retinal degeneration would proceed 
much faster in Vhl knockdown mice lacking LIF. The observation that not only 
photoreceptors but also other retinal cells in peripheral cell layers undergo apoptosis 
in the Vhl knockdown mice supports our earlier suggestion (see above) that the LIF-
pathway might be a global response to different kinds of retinal cell death. LIF could 
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therefore be a potential medication for human patients. Interestingly, ciliary 
neurotophic factor (CNTF), another member of the IL-6 family of cytokines, also 
signals through the JAK/STAT pathway and has protective capacity. In an innovative 
approach to deliver CNTF to the human retina of AMD and RP patients (Emerich and 
Thanos, 2008), capsules containing genetically modified cells that produce CNTF are 
implanted into the vitreous of the human eye. These studies are in phase 2 clinical 
trial at the moment (http://www.neurotechusa.com/ect/nt-501.asp). 
As mentioned above, several endogenous rescue systems exist in the mouse retina. 
Thus, protection of the retina may not solely depend on the JAK/STAT system 
induced by LIF or CNTF. Our lab has shown, for example, that hypoxic 
preconditioning induces a strong neuroprotective effect (Grimm et al., 2002), which, 
at least partially, may involve transcription factors of the HIF family (chapter 3.1.2.). 
Artificial stabilization of HIF1A and HIF2A by the ablation of VHL in normoxic 
photoreceptors rendered transient protection against light induced degeneration. 
Further studies will reveal whether this effect is indeed because of HIF stabilization or 
whether other effects due to the downregulation of VHL may account for the 
observed protection. Intriguingly, HIF1 originating from photoreceptors does not 
seem to be essential for neuroprotection, because photoreceptor-specific HIF1 
knockdown mice were still protected from a light insult after hypoxic preconditioning 
(Thiersch et al., 2009) (reference refers to chapter 3.2.2. of this work). The fact that 
stabilization of HIF2A in addition to HIF1A in photoreceptors rendered at least a 
transient protection makes HIF2 a more likely candidate for neuroprotection. 
EPO, a factor that is most likely produced by HIF2 (Haase, 2010), was shown to be 
activated after hypoxic preconditioning and to render protection against light induced 
retinal degeneration and in other models (Ghezzi and Brines, 2004; Grimm et al., 
2005). EPO was still activated after hypoxia in photoreceptor-specific HIF1 
knockdown mice, which were still protected against light induced degeneration. 
However, EPO was not activated and mice were only transiently protected after 
experimental stabilization of HIF1 and HIF2 in photoreceptors of the Vhl knockdown 
mice. This further supports an important role for EPO in the protection of 
photoreceptors in the retina. The fact that expression of EPO was not induced after 
photoreceptor specific HIF2A stabilization hints to an activation of EPO in cell layers 
other than the photoreceptor layer during hypoxic preconditioning. In retinal ischemia 
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for example, HIF2A activation is restricted to Müller glial cells and astrocytes 
(Mowat et al., 2010). 
However, after systemic application of EPO, protection against light damage was not 
as complete as with hypoxic preconditioning and no protection was achieved in 
models of inherited retinal degeneration like the rd1 or the VPP mouse (Grimm et al., 
2005). It is therefore very likely that factors induced by hypoxic preconditioning in 
addition to EPO are important for the protection. Further research will aim at the 
identification of these additional factors for possible clinical application in the future. 
Although our approach of mimiking hypoxia in the normoxic retina by the artificial 
and long-term stabilization of HIFA transcription factors is valuable for the 
investigation of HIF- and or VHL-mediated biological mechanisms, it may not be a 
possible way to protect visual cells in patients. We showed for example that long-term 
stabilization of HIFs can lead to retinal degeneration (chapter 3.1.2. and 3.1.3.). 
Additionally, if HIFs are stabilized very early during development of the eye, the 
retinal vasculature is severely disturbed. If repetitive short-term stabilization of HIFs 
in all retinal cell layers was accomplished after the development of the retinal 
vasculature one could possibly circumvent this problem. Although difficult to 
achieve, such a stabilization could be attempted by the pharmaceutical inhibition of 
prolyl hydroxylases or the VHL protein. This could provide a good model to test the 
influences on pure HIF stabilization in the whole retina for light induced 
degeneration. 
It remains unclear what molecular mechanisms account for retinal degeneration in 
general and in the α-Cre;Vhl knockdown mice. The activation of caspases during 
retinal degeneration has been controversially discussed (Jomary et al., 2001; Donovan 
and Cotter, 2002). Caspase 1 has been shown to be activated during light induced and 
two models for inherited retinal degeneration (rd1 and VPP). However, ablation of 
caspase 1 was only protective in the VPP model (Samardzija et al., 2006b). In our 
study we showed that during retinal degeneration induced by the absence of the tumor 
suppressor protein VHL in the Vhlflox/flox; α-cre mouse expression of caspase 8 was 
induced in addition to caspase 1 (chapter 3.1.3.). Whether this activation is due to the 
cell death in the retina of Vhl knockdowns or whether it is directly connected to the 
absence of VHL remains to be elucidated. Since we never detected active (cleaved) 
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forms of these caspases, it also needs to be investigated whether these caspases have a 
role in the degenerative process and how they might function. 
An additional interesting observation awaiting further investigation was the 
upregulation of several genes connected to the extracellular matrix in Vhlflox/flox; α-cre  
mice. The extracellular matrix is important for a variety of processes in the retina 
including development, intercellular transport, cell-cell communication and tissue 
stability. The increased expression of some of these genes suggests an alteration of the 
ECM, which may influence cellular physiology and may also facilitate abnormal 
vessel growth as observed in the retinas of our knockdown mice. It would thus be 
very interesting to study the role of such genes in connection with retinal 
degeneration. 
In summary, intense research is still ongoing to understand the mechanisms of how 
retinal degenerations develop and how endogenous survival systems attempt to 
protect cells in the retina. Detailed knowledge of these systems may allow to target 
key molecules in order to preserve vision by therapeutical strategies. Our studies on 
JAK3, the JAK/STAT pathway, LIF and hypoxia have contributed to this knowledge 
and provided a closer insight into some of the signaling mechanisms during retinal 
degeneration. 
All together our research and the research of all the other groups working on different 
aspects of retinal degeneration will hopefully someday help patients to keep useful 
vision or even to restore some of their lost vision and thus improve their quality of 
life. 
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5.2. List of Abbreviations 
 
11-RDH  11-cis retinol dehydrogenase 
ABCA   ATP binding cassette protein 
ADM   Adrenomedullin 
AMD   Age related macular degeneration 
ARNT   aryl-hydrocarbon receptor nuclear translocator 
atRDH   all-trans retinol dehydrogenase 
bHLH   basic helix-loop-helix 
BNIP3   BCL2/adenovirus E1B interacting protein 
cGMP   cyclic guanosine monophosphate 
CNTF   cililary neurotophic factor 
CRALBP  cellular retinaldehyde binding protein 
CRBP   cellular retinol binding protein 
EDN2   endothelin 2 
EDNRb  endothelin receptor b 
EGLN1  egl nine homolog 1, prolyl hydroxylase 2 
EPO   erythropoietin 
FGF2   fibroblast growth factor 2 
FIH   factor inhibiting HIF 
GC   Guanylate cyclase 
GCAP   guanylate-cyclase-activating protein 
GCL   ganglion cell layer 
GDP   guanosine-5 diphosphate 
GFAP   glial fibrillary acidic protein 
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GLUT1  also: SLCRA1: solute carrier family 2 member 1 
GTP   guanosine-5 triphosphate 
HIF   hypoxia inducible factor 
hnRNP A2  heterogenous nuclear ribonucleoprotein A2 
INL   inner nulear layer 
IPL   inner plexiform layer 
IRBP   inter photoreceptor retinol binding protein 
IS   inner segments 
JAK   Janus kinase 
KRAB-A  Kruppel associated box A 
LGN   lateral geniculate nucleus 
LIF   leukemia inhibitory factor 
LRAT   lecithin retinol acyl transferase 
MCP1   monocyte chemoattractive protein 1 
ONL   outer nuclear layer 
OPL   outer plexiform layer 
OS   outer segments 
p53   protein 53 
PAS   PER/ARNT/SIM 
PDE   phosphodiesterase 
PIAS   protein inhibitor of activated STAT 
PTP   protein tyrosin phosphatase 
Rbx1   ring box 1 
Rd1   retinal degeneration 1 
Rd10   retinal degeneration 10 
REH   retinyl ester hydrolase 
RHO   rod opsin 
RP   retinitis pigmentosa 
RPE   retinal pigment epithelium 
RPE65   retinal pigment epithelium 65 
SAG   s-antigen 
SHP1   scr-homology containing phosphatase 1 
SOCS   suppressor of cytokine signaling 
STAT   signal transducer and activator of transcription 
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VEGF   vascular endothelial growth factor 
VHL   von Hippel-Lindau 
VHLaK  VHL associated KRAB-A domain containing protein 
VPP   V20G, P23H, P27L mutations in the inherited mouse model 
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